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Stable open- and closed-shell Pd(ll) and Cu(Il) complexes of hexaethyl tripyrrin-1,14-dione (TD1) produce triplet, doublet or
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singlet states depending on the metal center and the redox state of the ligand. Pd(Il) and Cu(ll) form neutral TD1 complexes

featuring ligand-based radicals, thus resulting in doublet and triplet states, respectively. The reversible one-electron

oxidation of the complexes removes an unpaired electron from the ligand, generating singlet and doublet states. The optical

properties and time-resolved dynamics of these systems are studied here using steady-state and ultrafast transient

absorption (pump-probe) measurements. Fast relaxation with recovery of the ground state in 10s of picoseconds is observed

for the copper neutral radical and oxidized complexes as well as for the palladium neutral radical complex. Significantly

longer timescales are observed for the oxidized palladium complex. The ability to tune the overall spin state of the complexes

through their stable open shell configurations as well as the reversible redox activity of the tripyrrolic systems makes them

particularly interesting for catalytic applications as well as exploring magnetism and conductivity properties.

Introduction

In photosynthetic systems, tetrapyrrolic compounds form a
primary class of light harvesting pigments,! from linear bilins in
cryptophyte antennas®> 3 to the macrocyclic chlorin- or
bacteriochlorin-based chlorophyll* and bacteriochlorophyll.>
Numerous linear or macrocyclic oligopyrroles, including
tetrapyrrolic porphyrins in heme, are found in nature in a
variety of roles. Many oligopyrrolic molecules have the capacity
to bind metals, often producing redox-active complexes. The
ability of these systems to accept or donate electrons plays a
central role in biological processes as diverse as water splitting
in photosynthesis to enzymatic catalysis and metabolism.

While tetrapyrrolic molecules are common in biological
systems, tripyrroles are comparatively rare. Examples of
naturally occurring tripyrroles include prodiginines® 7 and some
heme metabolites such as uroerythrin.® ° Although tripyrroles
are rather uncommon in nature, they are effective tridentate
ligands for metal coordination.% 11

In the current paper, we present the ultrafast dynamics of
the tripyrrolic ligand hexaethyl tripyrrin-1,14-dione (TD1),1>14
bound to either a copper(ll) or palladium(ll) center.t>17
Tripyrrindiones have the structural scaffold of metabolite
uroerythrin and they are related to the family of tripyrrins and
other linear tripyrroles.’® 12 In addition, recent studies have
shown that tripyrrindiones are capable of hosting delocalized
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unpaired electrons and undergo reversible ligand-based redox
chemistry
temperature.1® 17 Due to their ability to accommodate unpaired
spins on both the metal and the ligand, the tripyrrindione
complexes can adopt stable closed- and open-shell
configurations with singlet, doublet, or triplet ground and
excited states depending on the nature of the metal center and
the overall redox state of the complex.

The TD1 ligand binds in a meridional tridentate fashion
through the three pyrrolic nitrogen donors, as shown in Figure
1, forming planar complexes with Pd(l1), Ni(ll) and Cu(ll) ions.2 A
water molecule is bound to the fourth coordination site in the
square planar structure. This aqua ligand is hydrogen-bound to
the carbonyl groups of the tripyrrolic ligand and cannot be easily
replaced by chemical or electrochemical methods.
Spectroscopic and electrochemical data have shown that the
tripyrrindione ligand in these neutral complexes binds as a
dianionic radical featuring an unpaired electronic spin that is
delocalized throughout the 1 system of the ligand.’6 17
Complexes of tripyrrindione in other redox states (i.e.,
coordinating as a monoanionic or trianionic diamagnetic
system)
therefore, act as redox-active ligands and can expand the

in metal complexes that are stable at room

have also been reported.’> 16 Tripyrrindiones,
number of available electrons for redox processes beyond the
metal center.!! In addition, complexation with transition metal
ions offers possibilities to form complex structures including
coordination polymers and ni—stacked dimers.15 20,21

In this paper, we present steady-state and femtosecond
time-resolved pump—visible continuum probe measurements
of TD1 complexes of copper and palladium in both the neutral
radical and oxidized forms. One-electron oxidization of the
neutral radical copper and palladium complexes removes an
electron from the ligand, leaving the oxidation state of the
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central metal unchanged. The series of complexes studied here,
comprising neutral radical and oxidized forms with Cu(ll) d®and
Pd(ll) d® metal centers, allow us to compare two square planar
complexes with paramagnetic and diamagnetic metal centers to
observe the effects of changing overall spin quantum number
and exchange coupling on the ultrafast electronic dynamics.
While the ligand field strength is expected to be different in the
copper and palladium complexes based on 3d and 4d orbital
interactions respectively, the main electronic transitions are
ligand-dominated and are similar in terms of both energy and
lineshape. The tripyrrolic ligands can participate in both one-
electron oxidation and reduction independent of the metal
center, demonstrating their ability to act as redox-active non-
innocent ligands and to host stable ligand-based radicals. Here
we abbreviate the neutral radical d° tripyrrindione—Cu(ll)
complex [Cu(TD1°)(H,0)] and the d® tripyrrindione—Pd(ll)
complex [Pd(TD1°)(H,0)] as TD1-Cu and TD1-Pd, respectively.

(a) -

¢

Figure 1: Structure of the TD1-metal complexes with coordinated water molecule. In
both panels, the M label represents Pd(ll) or Cu(ll). The crystal structure of
[PA(TD1%)(H20)] is shown in panel (a). Carbon-bound hydrogen atoms in calculated
positions are omitted for clarity (CCDC 1400990). Panel (b) shows the molecular
structure of the neutral radical TD1-metal complexes. The unpaired spin density is
delocalized over the entire ligand system.

The oxidized, cationic complexes [Pd(TD1.)(H,0)]* and
[Cu(TD1,y)(H,0)]*, both of which have a [BF4]- counter ion, are
abbreviated as TD1-Cu—Ox and TD1-Pd—Ox.

Using steady-state linear absorption and broadband-probe
transient absorption measurements, the optical properties and
ultrafast dynamics of the electronic relaxation pathways were
measured as a function of solvent dependence and oxidation
state. We present a series of transient absorption
measurements of the neutral radical and oxidized complexes in
acetonitrile (MeCN), N,N-dimethylformamide (DMF) and
toluene. The ultrafast dynamics were mapped using global
analysis?? of the transient absorption measurements.

Experimental

The redox-active TD1-Pd and TD1-Cu as well as one-electron
oxidized TD1-Cu-Ox and TD1-Pd-Ox were
synthesized according to previously reported methods.'® 17 The

complexes

metal complexes were dissolved in dry/distilled toluene, MeCN,
and DMF in preparation for the steady-state and ultrafast
measurements. The steady-state absorbance and fluorescence
measurements were performed using 2 mm pathlength cuvette
in a Cary 100 and a Cary Eclipse, respectively. The experimental
apparatus used to collect femtosecond pump-probe transient
spectra has been previously described.?®* Briefly, 100 fs, 1KHz,
800 nm pulses were generated by a Spectra-Physics Solstice
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Ti:Sapphire regenerative amplifier. The output of the
Ti:Sapphire regenerative amplifier was used to pumping a Light
Conversion TOPAS to produce spectrally tunable visible pulses
and also to generate a white-light continuum probe using a
sapphire plate. The output from the TOPAS was used for the
tunable excitation or pump pulses and the white-light
continuum was used for the probe. All measurements were
made at room temperature. Additional experimental details can

be found in the Electronic Supplementary Information (ESI).

Results and Discussion

Beginning with steady-state measurements, Figure 2 shows the
absorption spectra of (a) TD1-Cu, and (b) TD1-Pd complexes as
well as the oxidized (c¢) TD1-Cu-Ox and (d) TD1-Pd—Ox
complexes dissolved in toluene, DMF, and MeCN. The
absorption spectra of the neutral radical metal complexes in Fig.
2 (a) and (b) show the main absorption band in the visible at
~600 nm. There are also transitions with low oscillator strength
in the near-IR at ~730 nm, ~835 nm and ~900 nm (the ~835 nm
and ~900 nm peaks are not shown), which are characteristic of
ligand-based radicals of oligopyrrolic complexes. Ligand-only
absorption spectra in the same solvents shows the main band
in the visible at ~480 nm.?* Previous work on linear
oligopyrroles,® 24 a recent DFT calculation on a related linear
tripyrrin,?®> as well as electrochemical measurements on the
TD1-Pd complex® indicate that the two main bands originate
from m—mt* transitions. Both bands red-shift upon binding metal
cations. This red-shift is consistent with ionochromic effects
often observed in many metal-chelating conjugated polymers
containing pyridyl moieties.?6-28 The red-shift is thought to occur
when metal ion coordination to a polymer leads to conjugation
enhancement through rigidification and electron density
variation in the polymer backbone. Metal ion coordination to
three pyrrolic nitrogens in the tripyrrindione backbone is likely
to cause similar effects as the lower energy band is narrower in

] - )] ix xn =
S 1} (a) —MeCN || 2 1| (b) —MeCN
8 —DMF g —DMF
508 —Toluene| 508 —Toluene
3 3
< 06 <06}
=] il
H04 04
© ©
Eoz2 Eo02
<] G
Z g : Z g
500 600 700 800 500 600 700 800

Wavelength (nm) Wavelength (nm)

—MeCN

-

! :g‘r\jﬁN ©] [ (@ —DMF
0.8 |— Toluene 08} —Toluene|

o
i-N
o
IS

Normalized Absorbance
o o
n »

Normalized Absorbance
o
[«>]

o

500 600 700 800 ""50 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 2: Normalized steady-state absorption spectra of neutral radical (a) TD1-Cu and
(b) TD1-Pd complexes as well as the oxidized complexes (c) TD1-Cu-Ox and (d) TD1-Pd-
Ox dissolved in toluene (purple), DMF (green), and MeCN (blue).
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the metal complex than in the free ligand, consistent with
increased rigidity.

As shown in Figure 2 (a) and (b), the absorption spectra of
the neutral radical complexes are only weakly solvent
dependent. We did not observe polarity-dependent spectral
shifts associated with charge-transfer states or changes in
spectral features caused by axial coordination of solvent
molecules. Coordinating solvents such as MeCN do not alter the
primary coordination sphere of tripyrrindione complexes, in
which the ligand maintains a planar tridentate coordination
mode. The largest shift observed for the transition at ~600 nm
was 415 cm for TD1-Pd, and 462 cm™ for TD1-Cu (in toluene
and MeCN). In comparison, the free ligand has a larger
solvatochromatic shift, where the difference between the peak
maxima in the same two solvents is 854 cm™, nearly double that
of the TD1-Pd and TD1-Cu complexes.??

The weak solvent effects displayed by the neutral radical
metal ion complexes contrast with those observed for the
oxidized form of the TD1-metal ion complexes, TD1-Cu—Ox and
TD1-Pd—0Ox, shown in Fig. 2 (c) and (d). The absorption spectra
of the oxidized complexes have larger variations in band peak
positions and broader lineshapes. The one-electron oxidation of
both the copper and the palladium complexes removes an
electron from the tripyrrindione creating a monoanionic
tridentate ligand while maintaining the oxidation state of the
metal.1® Both the peak position and lineshape of the absorption
spectra of the oxidized copper complexes are dependent on the
solvent environment, although neither the peak positions for
TD1-Cu—Ox or TD1-Pd—Ox follow a general trend relative to the
static dielectric constants of the solvents [toluene (2.38), MeCN
(35.94), DMF (36.71)]. In DMF, the absorption spectrum of the
oxidized complexes evolved as the samples aged in solution.
This was likely due to the oxidized complex slowly reverting to

ARTICLE

approximate lineshape of the higher energy peak in the
absorption spectrum for the TD1-Cu-Ox complex in DMF is
consistent with the absorption of the neutral radical TD1-Cu as
shown in Fig. 2(a).

Steady-state excitation-emission scans for both metal
complexes in all four solvents across the UV-Vis range showed
no discernible photoluminescence. Fluorescence quenching in
metal-bound porphyrins is well known when the metal centers
are paramagnetic open-shell, such as Cu?* (d°), or heavy metal
diamagnetic closed-shell, such as Pd?* (d®).2° 30 This can be due
to the presence of a low-lying metal-centered excited state or a
tripmultiplet state. DFT calculations of open- and closed-shell
metal porphyrins identified a manifold of states below the n—mt*
lowest energy excited state3! which are thought to facilitate
rapid relaxation.3?3* In non-fluorescent Cu(ll) porphyrin,3>
ligand-to-metal charge-transfer states greatly enable
intersystem crossing into m—mt* tripmultiplet states and the
subsequent recovery of the ground state.3*3° The lack of
fluorescence in Pd(ll) porphyrins is discussed in early
experimental studies.?> 3942 |t is likely that the metal ions
similarly influence the fluorescence quenching in the TD1-metal
complexes. Lowered symmetry DFT calculations on the related
tripyrrin show two bands: one Soret-like at ¥~350 nm and one Q-
like at ~530 nm, for the m—mnt* states situating them at higher
energies than typical Soret- and Q-band in porphyrins.?> This
makes metal-assisted deactivation plausible since the metal d-
orbital energies are likely similar when bound to TD1 or to
porphyrin.#®>  The role of the metal center in mediating
relaxation is  further  supported by  steady-state
photoluminescence measurements on the d° Zn(ll) complex,
which is highly fluorescent in polar solvents.**

Ultrafast relaxation dynamics were observed using
broadband-probe transient absorption measurements.
Representative data for the oxidized and neutral radical forms

the neutral radical form. Both the maximum and the
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Figure 3: Transient absorption spectra of neutral radical and one-electron oxidized forms of the copper and palladium tripyrrindione complexes. The top row, panels (a), (b) and

(c), presents data for copper complexes while the bottom row, panels (d), (e) and (f), presents data for palladium complexes. Panel (a) shows the transient absorption data for the

neutral radical TD1-Cu complex in MeCN, (b) for the oxidized TD1-Cu-Ox complex in toluene, and (c) for the oxidized TD1-Cu-Ox complex in MeCN. Panel (d) shows the transient
absorption data for the neutral radical TD1-Pd complex in MeCN, (e) for the neutral radical TD1-Pd complex in DMF, and (f) for the oxidized TD1-Pd-Ox complex in MeCN. The

arrows indicate blue shifts. All data presented here was collected at room temperature.
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of the copper and palladium complexes is shown in Figure 3. The
top row, panels (a), (b), and (c), presents the transient
absorption spectra at selected time slices for copper complexes
while the bottom row, panels (d), (e), and (f), presents the data
for palladium complexes. Transient absorption data collected
for additional solvent environments is presented in the ESI,
Figures S1 and S2. The transient absorption measurements
were performed exciting the lowest energy ligand m—mt*
transition that has significant oscillator strength. For the neutral
radical complexes, laser pulses centered at 600 nm were used
for excitation, while excitation pulses centered at 640 nm were
used for TD1-Cu-Ox and TD1-Pd-Ox in MeCN, and 675 nm for
TD1-Cu-Ox in toluene and TD1-Cu-Ox in DMF.

All the TA data is characterized by a ground state bleach
(GSB) at the energy of the main m—mt* transition as well as
excited state absorption (ESA) contributions both at the high
and low energy sides of the bleach. A feature associated with
stimulated emission (SE) is not directly observed in the data
although it may be hidden under the positive region to the low
energy side of the ground state bleach, where there is a
significant ESA contribution in all traces. The lack of SE
contributions is consistent with the fact that we did not observe
fluorescence for the complexes studied here.

As shown in Figure 3 (d) and (e), the transient absorption
data obtained for the palladium neutral radical complex is
relatively insensitive to solvent. The same insensitivity is
observed for the copper neutral radical complex. The minimal
effect of the solvent is also seen in the steady-state absorption
data shown in Figure 2 (a) and (b). We observe the same solvent
insensitivity in transient absorption data for both the palladium
and copper oxidized complexes. Representative data for the
oxidized copper complex is shown in Figure 3 (b) and (c) and for
the oxidized Pd complex in panel (f). This is surprising given the
spectral shifts observed for the oxidized complexes in the
steady-state absorption (Figure 2 (c) and (d)). In addition to
polarity and basicity, the solvents used here differ in viscosity,
ranging from 0.347 mPa-s for MeCN to 0.94 mPa-s for DMF at
298 K. However, no significant effect due to varying viscosity,
polarity or basicity was observed in the transient absorption
data. These patterns indicate that the relaxation dynamics
depend primarily on the identities of the metal centers and the
overall oxidation state of the complex.

Representative transient absorption data for the copper
neutral radical complex is shown in Figure 3 (a). It is
characterized by a GSB around 585 nm (the negative-going
peaks coincide with the peak of the main m—nt* transition), an
ESA on either side of the bleach, one peaked ~645 nm, and
another having a flatter feature with smaller amplitude
extending to the blue. The ESA features appear within our
instrument response. The ESA and the GSB decay
simultaneously in 10s of picoseconds. The transient absorption
data was fit using global analysis?? to identify common kinetic
components. Kinetic traces with fits and evolution associated
decay spectra from the global analysis can be found in the ESI.

4| J. Name., 2012, 00, 1-3

For TD1-Cu, two timescales were identified ranging from 1.7
to 2.4 ps, and from 7.8 to 13.2 ps. The timescales are listed in
Table 1. Both ESA features rise within pulse overlap. The higher
energy ESA decays rapidly, followed by the near simultaneous
decay of the GSB and the lower energy ESA. This occurs across
all samples regardless of solvent. We observed a small amount
of residual scatter from the pump excitation in all
measurements. The ESA centered at 645 nm appears within the
instrument response and undergoes a blueshift of
approximately 15 nm, as indicated by an arrow in the figure. No
blueshift is observed in the GSB.

Figure 3 (b) and (c) present transient absorption data for the
oxidized copper complexes in toluene and MeCN respectively.
The data is characterized by a GSB at the energy of the main n—
* transition as well as ESA contributions to both the high and
low energy sides of the GSB feature. The ESA and the GSB decay
simultaneously. A global analysis of the data across the three
solvents here returned the following timescales: 1.5 to 2.3 ps
and 10.7 to 11.5 ps. The timescales obtained from the global
analysis are presented in Table 1. We observe a rapid blue shift
in the ESA to the low energy side of the GSB centered at 740 nm
of approximately 20 nm in all solvents that occurs in
approximately 2 ps. No blueshift was observed in the GSB. Both
ESA features and the GSB decay nearly simultaneously with little
variation across solvents.

Transient absorption of the neutral radical TD1-Pd complex
in MeCN and DMF is shown in Figure 3 (d) and (e), respectfully.
From this data, two timescales were found in all three solvents,
ranging 0.5-0.8 ps, and 7.4-11.4 ps. The timescales obtained
from the global analysis are presented in Table 1. The initial
spectrum following the instrument response shows a bleach
around 600 nm and excited state absorption features on either
side of the bleach, initially centered around at 475 nm and 690
nm. The 475 nm excited state absorption feature rapidly decays
to zero while at the same time the 690 nm ESA undergoes a
significant blue-shift of approximately 60 nm. No blue-shift was
observed for the GSB. The remaining absorption and bleach
features simultaneously decay of within tens of ps to zero (the
near zero non-decaying amplitude is associated with 600 nm
pump scatter).

Figure 3(f) presents transient absorption data for the
oxidized TD1-Pd-Ox complex in MeCN. Unlike the transient
absorption data for the other molecules, the oxidized palladium
complex has a long-lived excited state and undergoes little
spectral evolution. The data shows a GSB centered at 620 nm,
with two ESA contributions centered at 500 nm and 740 nm.
Global analysis identified three timescales in the three solvents,
0.4-1.0 ps, 8-60 ps, and 3—6 ns, which are presented in Table 1.
This last timescale is not well characterized by our experiment
as it is longer than the maximum time delay. The ESA at 740 nm
rises within the first 1.5 ps while the other ESA at 500 nm decays
rapidly. The GSB decreases to about 1/3 of its initial value within
tens of ps. The remaining GSB and the ESA centered at 740 nm
do not decay out to 200 ps, which is the maximum measured
delay time. No clear blue-shifts are identified in this data.

This journal is © The Royal Society of Chemistry 20xx
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Toluene DMF MeCN
TD1-Cu 2310.3ps,13.2+t 1.1 ps 24104ps, 7.8+ 1.2ps 1.7%+0.2ps, 80X 1.0ps
TD1-Cu-Ox 1.5+ 0.1ps, 10.7 £ 0.8 ps 2.0t 0.2 ps,11.0 X 0.5 ps 2310.2ps, 11.5+ 0.6 ps
TD1-Pd 0.8+ 0.1ps,9.6x1.1ps 0.5%0.1ps, 7.4+ 1.0ps 0.6+ 0.1ps,11.4t1.8ps
TD1-Pd-Ox 1.0+ 0.1ps,60*3.1ps,5*ns | 0.4+ 0.1ps, 8% 1.0ps, 6*ns 0.4+ 0.1 ps, 40+ 2.0 ps, 3*ns

Table 1: Lifetimes recovered from the global analysis performed on time-evolving transient spectra of TD1-Cu, TD1-Cu-Ox, TD1-Pd, and TD1-Pd-Ox reported with error bars

generated from the standard error. *ns timescale outside of maximum time delay of experiment.

For the copper complexes, the timescales obtained for the
neutral radical and the oxidized species are similar in all
solvents. The timescales for the neutral radical palladium
complex are faster but comparable to those found for the
neutral radical copper molecules. The oxidized form of the
palladium complex is an outlier. In all other molecules studied
here, the transient absorption signal disappears, and the
molecule returns to the ground state in tens of picoseconds. For
TD1-Pd-Ox, there is a fast decay of the higher energy ESA and
some relaxation of the bleach in tens of picoseconds, however,
the excited state lifetime is significantly longer than the
maximum time delay of the measurement (200 ps).

For the transient absorption data, the samples were excited
in resonance with the lowest energy transition with significant
oscillator strength, which is mainly localized on the ligand. The
overall ligand dominance of the state is supported by
experimental and computational observations. Comparison of
the electrochemistry of the metal complexes indicates that the
redox processes are occurring on the electron-rich conjugated
nt system of the ligand, with metal centers remaining in the
same oxidation states.'> 1 Metal coordination red-shifts and
changes the spectral shape but the lack of solvent polarity
dependence indicates a weak ligand—metal charge-transfer
character. Previously published results'> 16 indicate that while
the metal center does have some involvement, the transitions
primarily originate from the m system. EPR data further shows
that the unpaired electron in the metal-bound neutral radical is
delocalized over and accommodated by the ligand mt system.16

The 1 to * nature of the primary transition in the visible
means that redox or photophysical processes are relatively
decoupled from the metal center. This potentially expands the
types of processes that can be accommodated in a TD1-metal
system, with those directly involving the metal center separated
from the ligand. Although we do not observe it in our data, this
could also involve chemical access to the metal center through
the aqua ligand. In metalloporphyrins, the metal may

participate in the dynamics by dissociating an axial ligand. For
the TD1 complexes, the coordinated aqua ligand is also
hydrogen-bound to the tripyrrindione ligand and its
unfavorable dissociation would be readily apparent from
changes in the absorption spectra following the measurement.
Since we do not observe these spectral changes and the
complex is stable during the experiment, we can conclude that
the water ligand is retained.

Although the main transitions with large oscillator strength
have 1t to m*character, the metal center likely contributes to the
fast non-radiative relaxation observed in the transient
absorption data for all complexes. Non-radiative relaxation via
coupling of the it to it* transitions to a lower-lying metal states
has been observed in many transition metal complexes. This
deactivation pathway can result in significant non-radiative
relaxation and has been a challenge in the development of
photoluminescent complexes.***” In addition, the metal-
porphyrin literature provides a wealth of precedents for such
excited state deactivations caused by coupling with or mixing of
the metal d-orbitals.?? 34 40, 41, 43, 48-53 These states may be
optically dark and have low oscillator strengths. However,
energetic proximity and coupling of the metal to the dipole-
allowed states can allow them to play a role in the relaxation of
the excited state. The participation of a low-lying metal-
centered state in the nonradiative relaxation of the excited
state, is further supported by steady-state measurements on
the d'9 TD1-Zn complex, which has strong fluorescence in polar
solvents.*4

The similarities between the transient absorption data for
TD1-Cu, TD1-Cu-Ox, and TD1-Pd as well as the different
dynamics observed for TD1-Pd-Ox can be explored by
considering the electronic states. As has been shown in previous
work, in all the complexes studied here, the metal centerisin a
square planar geometry!® 7. In addition, the one-electron-
oxidation of the complexes removes the electron from the
ligand and not the metal center’. This means that the
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palladium complexes have a diamagnetic d® Pd(ll) center while
the copper complexes have a paramagnetic d° open-shell Cu(ll)
center with an unpaired electron. Both neutral radical
complexes have an electron occupying the conjugated mt orbitals
on the ligand. For TD1-Pd, this means that the ground state is a
doublet with a singly occupied molecular orbital (SOMO)
primarily localized on the ligand. For the copper neutral radical
complex, TD1-Cu, the picture is a bit more complicated. The
unpaired electron on the d® Cu(ll) center is in the dj,_,, orbital
and is nearly orthogonal to the electron localized on the
ligand®>. The ferromagnetic interaction between these unpaired
electrons results in a triplet ground state. This situation is not
unique to TD1-Cu and has been observed for other Cu(ll) metal
centers coordinated with planar radical ligands.>40

In the one-electron-oxidized complexes, the electron on the
ligand is removed and the oxidization state of the metal center
remains the same. For TD1-Cu-0Ox, the unpaired electron on the
copper results in a doublet ground state. The oxidized palladium
complex, TD1-Pd-Ox, is a closed shell system with a square
planar d® Pd(ll) metal center and the unpaired electron
removed from the ligand. Of all the complexes studied here,
TD1-Pd-Ox is the only one with a singlet state and for which we
observe a long excited-state lifetime. The tunability enabled by
a delocalized electron on the ligand and the ability of TD1 to
bind multiple metals provides a method to select the overall
spin state of the complex and to adjust the dynamics of the
system.

For both the palladium and copper complexes, multiplet
states may assist their non-radiative relaxation. For the neutral
radical TD1-Pd, it is possible that as a heavy metal, palladium
could promote intersystem crossing. For the copper complexes,
if the orthogonality between the d,;.,, orbital and the rt orbital
on the ligand is not complete, the unpaired electron on the d°
Cu(ll) metal center can interact with the 1t system altering 1t
singlet and triplet multiplicity through an exchange
interaction33 34 37, 61, 62 Thjs would lead to fast intersystem
crossing that could allow relaxation through an excited state of
different multiplicity.

As shown in Fig. 3 (and in Fig. S1 and S2 in the ESI), the
transient absorption spectra for both neutral radical complexes
and the oxidized copper complex undergoes spectral evolution.
For these complexes, the lower energy ESA features shift to
higher energy. The TD1-Pd signals have a significant 60 nm blue-
shift of the 690 nm ESA feature. Both TD1-Cu and TD1-Cu-Ox
have relatively small, 15 nm and 20 nm, blue shifts of the ESA
centered at approximately 645 nm and 740 nm, respectively. No
blue shifts are observed for TD1-Pd-Ox. The spectral shift of an
ESA to higher energies is likely associated with vibrational
relaxation on the excited state®3%” as well as the loss of
stimulated emission. This loss of stimulated emission could arise
from transitions to a different multiplet state or through
coupling to a lower-lying metal-centered state. These
deactivation pathways would lead to rapid non-radiative
relaxation of the excited state. In addition, the role of
vibrational cooling and the loss of stimulated emission is
supported by the narrowing of the ESA feature, which is

6 | J. Name., 2012, 00, 1-3

observed for all data except TD1-Pd-Ox. This narrowing is most
apparent in the TD1-Pd data (Fig. 3 (d), (e)).

For all samples except the oxidized palladium complex, the
timescales recovered from the data represent vibrational
cooling followed by rapid non-radiative relaxation through a
lower-lying state. This lower-lying state is likely metal-centered
and may have a different multiplicity relative to the initially
prepared excited state. Rapid non-radiative pathways are not
favored for the oxidized palladium complex. This system
consists of a Pd(ll) cation coordinated to a closed-shell ligand
with singlet ground and initially excited states. In Pd(ll)
porphyrin, which also consists of a Pd(Il) cation complexed to a
closed-shell ligand, the lifetime of the singlet state is on the
order of tens of ps32 and the triplet state has a minimum lifetime
of hundreds of ps.58 In analogy to Pd(ll) porphyrin, the long-
lived excited state of TD1-Pd-Ox may be a triplet state.

Conclusions

Steady-state and femtosecond ultrafast time-resolved
measurements were performed on copper and palladium
complexes of tripyrrindione in both neutral radical and one-
electron-oxidized forms. The steady-state and time-resolved
spectra were found to be relatively insensitive to the solvent
environment. Recovery of the ground state was observed
within 10-100 ps for the copper and palladium neutral radical
complexes as well as the oxidized copper complex, while the
excited state lifetime of the oxidized palladium complex was
significantly longer. Selection of the metal center and oxidation
state of the complex allows for tuning of the overall spin of the
ground and excited states. The stable open-shell configurations
and the reversible redox activity of these novel tripyrrolic
systems have potential applications for exploring magnetism
and conductivity properties in molecule-based materials.
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