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Pd(I1) biladienes have been developed over the last five years as non-aromatic oligotetrapyrrole complexes that support a rich triplet
photochemistry. In this work, we have undertaken the first detailed photophysical interrogation of three homologous Pd(l1) biladienes
bearing different combinations of methyl- and phenyl-substituents on the frameworks’ sp3-hybridized meso-carbon (i.e., the 10-posi-
tion of the biladiene framework). These experiments have revealed unexpected excited-state dynamics that are dependent on the
wavelength of light used to excite the biladiene. More specifically, transient absorption spectroscopy revealed that higher-energy
excitations (Lexc ~ 350-500 nm) led to an additional lifetime (i.e., an extra photophysical process) compared to experiments carried
out following excitation into the lowest-energy excited states (Aexc = 550 nm). Each Pd(11) biladiene complex displayed an intersystem
crossing lifetime on the order of tens of ps and a triplet lifetime of ~20 us, regardless of the excitation wavelength. However, when
higher-energy light is used to excite the complexes, a new lifetime on the order of hundreds of ps is observed. The origin of the ‘extra’
lifetime observed upon higher energy excitation of the Pd(I1) biladiene complexes was revealed by detailed computational modeling
using density functional theory (DFT) and time-dependent DFT (TDDFT). These efforts demonstrated that excitation into higher-
energy metal-mixed-charge-transfer excited states with high spin-orbit coupling to higher energy metal-mixed-charge-transfer triplet
states leads to the additional excitation deactivation pathway. Importantly, time-resolved spectroscopy and electronic structure cal-
culations carried out for the analogous aromatic Pd(Il) meso-tetrakis(pentafluorophenyl)porphyrin (Pd[TPFPP]) demonstrated this
traditional tetrapyrrole does not display the excitation-wavelength dependent photophysics observed for the Pd(I1) biladienes. These
experiments confirm that the unusual photophysics we observe are unique to low-symmetry biladienes and do not apply to more well-
studied porphyrinoids. The results of this work demonstrate that Pd(Il) biladienes support a unique triplet photochemistry that may
be exploited for development of new photochemical schemes and applications.

synthetic modifications (i.e. addition of substituents to various
positions on the biladiene) can be achieved to create a diverse
set of derivatives; (2) metalated biladienes have light absorption
profiles that support photochemical applications using visible
to near-IR light; and (3) inclusion of heavy metals, like Pt or Pd
promotes rapid intersystem crossing (ISC) and long lived triplet

Introduction

Porphyrins and related tetrapyrrole macrocycles support a
rich photochemistry that make them appealing for a range of
applications.? While a great deal is known about porphyrins
and their photochemistry, much less is known about the photo-
chemistry and photophysics of related non-aromatic
tetrapyrrole architectures such as isocorroles,>4>78° phlo-
rins, 101171516 and biladienes.!” Each of these less traditional ar-
chitectures contains an sp®-hybridized meso-carbon, which
breaks the cyclic conjugation of the tetrapyrrole motif. Further,
biladienes are oligotetrapyrroles and are not macrocyclic. These
structural modifications ablate the tetrapyrrole aromaticity and
dramatically alter the electronic structure of these species, lead-
ing to unusual and exciting spectroscopic, redox and photo-
chemical properties.
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10,10-Disubstituted biladiene complexes (such as those
shown in Figure 1) are of much lower symmetry as compared

to traditional aromatic porphyrins. The disruption of n-conjuga-
tion imparted by the sp3-hyrbidized 10-position and the non-
macrocyclic nature of the tetrapyrrole gives rise to several at-
tractive properties as compared to traditional porphyrinoids, in-
cluding (1) biladienes are facile to synthesize and numerous

Figure 1. Pd(I)-biladiene complex series bearing different combina-
tions of methyl- and phenyl-substituents at the sp*-hybridized meso-
carbon (i.e., the 10-position of the biladiene framework): geminal di-
methyl substituents a the 10-position (Pd[DMBIl1]), geminal methyl
and phenyl substituents (Pd[MPBIl1]) and geminal diphenyl groups
(Pd[DPBIl1]).



excited states, which is requisite for photodynamic therapy and
other applications that utilize triplet photosensitiz-
ers, 1718192021222 |ndeed, previous work in our groups has
demonstrated the viability of a series of Pd(Il) biladiene moie-
ties (Figure 1) for singlet oxygen sensitization using long-visi-
ble and NIR light from within the so-called phototherapeutic
window (~600-900 nm).172425.2627 Jp until this point, however,
the excited-state dynamics of biladiene complexes, as well as
that of related non-aromatic tetrapyrroles have remained virtu-
ally unexplored.

In contrast, a great deal is known about porphyrin photo-
physics. For typical photophysics observed for porphyrins, the
number of lifetimes and the dynamics of the excited state evo-
lution do not depend on the excitation wavelength. In general,
excitation of porphyrins into higher energy excited states results
in rapid nonradiative internal conversion (IC) to the lowest-en-
ergy singlet. From this state, relaxation to the ground state may
occur radiatively or non-radiatively. In porphyrins containing
heavy metals, like Pt or Pd, intersystem crossing (ISC) to low-
lying, long-lived triplet states is efficient and is followed by de-
activation to the ground state.

Relatively few reports exist in which the excited-state dy-
namics of porphyrins show excitation-wavelength dependence.
For example, prior work utilizing transient absorption spectros-
copy to measure the excited-state dynamics of freebase porphy-
rins reported a very short (0.7 ps) lifetime when excited into the
Soret band that is not observed upon longer wavelength excita-
tion into the Q bands.? These and several other very short (< 1
ps) wavelength-dependent lifetimes in porphyrinoids have been
attributed to a nonradiative internal conversion (IC) from
higher-lying singlet states to the lowest singlet excited state.?®
The lowest-energy singlet state then undergoes intersystem
crossing (ISC) with the same time constant observed upon di-
rect excitation into the lowest-energy singlet state (i.e., excita-
tion into the Q-bands). Additionally, porphyrins containing first
row transition metals are known to undergo rapid, vibrationally
excited d-d transitions between singlet and triplet states that
show moderate excitation-wavelength dependent dynamics.%%-3
Certain nickel porphyrins, such as Ni(OEP) (OEP = octae-
thylporphyrin) can exhibit wavelength-dependent photophysics
involving metal-centered, vibrationally-excited singlet states
rapidly (sub-ps) converting to triplet d-centered states. These
metal-centered triplet states, which are dominated by d-d tran-
sitions, undergo nonradiative deactivation via the lowest-lying
triplet state in several hundred ps. In general, the few reports in
which wavelength dependent photophysics have been observed
for porphyrins have involved relatively small changes to ps-
timescale vibrational cooling or the introduction of internal con-
version processes from higher lying excited states within a sin-
glet manifold.

In exploring the photochemistry of non-aromatic
tetrapyrroles, we became curious about which aspects of bila-
diene photophysics might be the same (or different) from those
observed for well-studied porphyrins systems. In initial work,
we reported the excited-state dynamics for the series of Pd(lI)
biladiene derivatives shown in Figure 1. Using transient absorp-
tion spectroscopy, we found that excitation into the lowest-en-
ergy absorption feature of Pd(ll) biladiene complexes (repre-
senting excitation in to the S; and S, states) produced straight-

forward photophysics similar to what has been observed previ-
ously for Pd(l1) porphyrins, which consisted of a single lifetime
on the picosecond timescale corresponding to singlet to triplet
evolution, followed by a longer lifetime on the microsecond
time range corresponding to decay of the triplet state.*

Building on these initial transient absorption experiments,
we have undertaken more detailed efforts to map the photophys-
ics of the Pd[DMBIl1], PA[MPBIl1], and Pd[DPBil1] bila-
diene complexes of Figure 1. In expanding our photophysical
work, we discovered excitation into higher-lying excited states
resulted in the appearance of a third lifetime upon TA analysis.
The origin of this third lifetime, which has not to the best of our
knowledge been previously observed for any other Pd(ll)
tetrapyrroles, required additional efforts including insights
gained from theory to fully understand and interpret.

In this work, we combine transient absorption spectroscopy
(TAS), bolstered by steady-state and time-resolved emission
spectroscopy, and density functional theory (DFT) to provide
intuition into the origin of an unexpected third lifetime that is
observed at higher excitation energies. In addition to providing
full TAS analysis for the three Pd(Il) biladienes of Figure 1
upon excitation at three different energies, DFT carried out on
the dimethyl version (Pd[DMBIl1]) provides a rationalization
for the observed photophysics. Comparison of the results ob-
tained for PA[DMBIl1] Pd[MPBIl1], and Pd[DPBIl1] to those
for ahomologous Pd(1l) porphyrin (Pd[TPFPP]) reveal that the
excitation wavelength-dependent behavior is unique to bila-
diene complexes. The combination of spectroscopy and theory
presented herein provide a framework to understand the intri-
guing and unexpected excited-state evolution of these molecu-
lar systems.

Experimental methods

Sample preparation. Synthesis and characterization of the
Pd(Il) biladiene series were carried out and reported previ-
ously.®? Synthesis and characterization of the PA[TPFPP] was
carried out according to literature precedent.3®* Samples for
emission spectroscopy were prepared using spectroscopic grade
methanol from Sigma Aldrich. Samples for TAS were prepared
under high vacuum in a 2—mm quartz cuvettes. Samples were
prepared to known concentrations ranging between 20—-50 uM
and were subjected to at least 3 cycles of freeze-pump-thaw to
ensure the samples were degassed.

UV-visible absorption spectroscopy. UV-visible absorption
spectra were collected on an OceanOptics diode array spec-
trometer (Flame-S series) before and after acquisition of TAS
data to ensure that no decomposition occurred. Samples were
found to be stable under laser illumination over the course of
the experiments.

Emission spectroscopy. Steady-state emission spectroscopy
was carried out on an ISS Chronos BH with steady-state up-
grade. Samples for steady-state emission spectroscopy were
prepared using spectroscopic-grade methanol. The solvent (1
mL) was transferred to prepared dried aliquots and the sample
was transferred to a high-vacuum cuvette with pathlength of 0.4
cm. Samples were degassed using freeze—pump-thaw tech-
niques to ensure that no oxygen was present in the samples.
Samples were excited between 370-550 nm starting with 370
nm excitation and progressing in 10 nm increments until (and



including) 550 nm excitation. Emission was collected begin-
ning 20 nm to the red of excitation to 800 nm with 1 nm step-
size and 1-second integration time. Excitation spectra were rec-
orded by monitoring the emission at 550 nm, 560 nm, 590 nm,
610 nm, and 710 nm while exciting at wavelengths 350 nm to
20 nm blue of monitored emission in 1 nm step-size and 1-sec-
ond integration time.

Transient absorption spectroscopy. Transient absorption
spectroscopy was carried out using a Helios/EOS system from
Ultrafast systems with excitation provided by a Coherent Libra
and has been described elsewhere.®* A Topas-C optical para-
metric amplifier was used to generate the excitation wave-
lengths of a 350 nm, 490 nm, and 570 nm. The pump pulse was
attenuated to 0.4 mW to prevent decomposition of the sample.
The femtosecond transient absorption (fs-TAS) spectra were
measured over a 5 ns window. For each scan, 250 time points
were recorded and each sample was subjected to three scans that
were averaged to produce the final data set. At least three sam-
ples were recorded for each biladiene and Pd[TPFPP] moiety.
Nanosecond transient absorption spectroscopy (ns-TAS) was
performed using and Ultrafast Systems EOS spectrometer. The
pump pulses were the same as those used in the femtosecond
TA experiment. The white light for the probe beam is generated
using fiber optic laser, specifically a pulsed PCF-based laser.
Time windows for nanosecond TAS ranged between 30 — 100
us, depending on the bildiene moiety. Time delays in the nano-
second TAS experiment are sampled randomly using an elec-
tronically controlled delay.

Data analysis for the fs-TAS data was performed using
principal component analysis via singular value decomposition.
For each sample, two principal components (PC) were found to
represent the data well. Fitting to these PC was completed using
global lifetime analysis (GLA) software (Ultrafastsystems
Surface Xplorer) to isolate decay-associated difference spectra
(DADS) and their corresponding lifetimes. In every set of fs-
TAS data, either two or three lifttimes were found to fit the data,
with one of the lifetimes being too long to resolve on the 5-ns
window accessible on the fs-TAS experiment. The longest
lifetime was allowed to fit as “infinite” on that time scale. The
“infinite” lifetime was determined using single wavelenth
fitting of the ns-TAS data at triplet aboroption peak ~680 nm.
The triplet lifetime obtained from this fitting is shown as the
lifetime of the longest-lived DADS in GLA results.

Density functional theory. Density functional theory (DFT)
was used to understand the electronic structure of PA[DMBIl1]
for simplicity. Structures were optimized using a hybrid func-
tional MO6-L which is particularly good for energetics of tran-
sition metal complexes and triple- basis sets: all electron 6-
311G(d,p) for light atoms (H,C,N) and an effective core poten-
tial (ECP), LANL2DZ on Pd; with a polarizable continuum
model (PCM) of MeOH solvation level in Gaussian 09%. Spec-
tra are plotted with a wavelength correction factor of 0.95.%

Time-dependent density functional theory (TDDFT) was
used to calculate both the triplet and singlet excited states of
Pd[DMBIl1] using the same level of theory as for DFT. In ad-
dition, the one-electron Ze spin-orbit couplings were tabulated
using a modified PySOC® where the Pd?* was assigned a Zes =
232.%8

Results and discussion

Mechanistic overview of Pd(ll) biladienes and
Pd[TPFPP] photophysics. All three of the Pd(Il) biladiene
(Pd[DMBIl1], PA[MPBIl1], and PA[DPBil1]) complexes stud-
ied in this work show similar photophysical behavior that is ex-
citation-wavelength dependent and are distinct from more tra-
ditional Pd(1l) tetrapyrroles.

Transient absorption spectroscopy reveals that at low-en-
ergy excitation (~570 nm), two lifetimes are observed (t; = ~10-
15 ps ; 13 = ~20 ps). In contrast, upon higher-energy excitation
(~350 nm) a third lifetime is needed to fit the photophysical
data. The “additional” lifetime (t2) observed at higher-energy
excitation fits to an intermediate lifetime (hundreds of ps) com-
pared to the other two lifetimes (~ tens of ps and tens of pus).
Each of the lifetimes remain relatively consistent for each of the
biladiene complexes regardless of excitation energy. While the
presence of the 1, lifetime is clear from the DADS analysis, its
photophysical origin was not immediate apparent and has been
the focus of interrogation in this study. In addition, the emission
excitation spectrum does not reproduce the absorption spectrum
when collected at any emission wavelength. Specifically, the
most prominent peak in the absorption spectrum at ~480 nm
appears to lead to little emission intensity in the excitations
scans (Figure S12). These unexpected emission excitation spec-
tra bolster the observation that the Pd(Il) biladienes support
atypical photophysics.

To confirm this point, we also probed the photophysics for
the aromatic PA[TPFPP] porphyrin complex. These experi-
ments revealed standard photophysical behavior for the aro-
matic tetrapyrrole homolog; no excitation-wavelength depend-
ence was observed for the emission spectroscopy of
Pd[TPFPP] and the emission excitation scan reproduced the
absorption spectrum. Further, TAS carried out for PA[TPFPP]
revealed typical photophysics in which the value and number of
lifetimes do not vary with excitation wavelength. As summa-
rized in Scheme 1, excitation in the lowest energy excited state
(550 nm) as well as higher excited states (400 nm and 380 nm)
result in rapid conversion to the lowest-energy singlet excited

Pd(ll) biladiene PA[TPFPP]
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Scheme 1. Jablonski diagram summarizing the excitation wave-
length dependent excited-state dynamics of the Pd(1l) biladienes.



state (~10 ps), intersystem crossing (~130 ps) to the triplet state,
followed by decay of the triplet state (60pus).

Density functional theory provided better understanding of
the origin of the distinct photophysics (which are summarized
in Table 1 and Scheme 1) observed for Pd[DMBIll]
Pd[MPBIl1], and Pd[DPBIll] as compared to those for the
Pd[TPFPP] porphyrin. To summarize our findings, which are
discussed in depth in the section that follows, excitations that
result in ligand-centered excited states result in more typical
photophysics that evolve quickly to the lowest-lying singlet ex-
cited state, which can either result in singlet emission from the
S state with only weak spin-orbit coupling to the lower lying
triplet excited states. However, higher-energy excitations that
result in charge-transfer excited states in the Pd(Il) biladienes
possess significant spin-orhit coupling to higher-lying mixed-
metal-charge-transfer (MMCT) triplet states (T,, where n > 1).
Excitation into the charge-transfer excited states therefore re-
sults in dark states which deactivate through the lowest energy
triplet back to the ground state. In particular, the broken sym-
metry of the biladiene seems to lead to stronger interaction be-
tween the Pd(I1) center and the tetrapyrrole ligand, which facil-
itates population of the relatively low energy MMCT excited
states in both the singlet and triplet manifolds, and leads to the
interesting wavelength dependence in the photophysics ob-
served.

UV-visible absorption spectroscopy. Figure 2 shows the
absorption spectra of Pd[DMBIll], Pd[MPBIll], and
Pd[DPBIl1] in dried, degassed methanol. The three biladienes
show very similar absorption features in the UV region. In the
visible region, each biladiene displays a large Soret-like peak
centered at ~480 nm with a smaller, relatively sharp peak cen-
tered at ~550 nm.

Transient absorption spectroscopy (TAS): representa-
tive spectra and global analysis on Pd(Il) biladienes. Figure
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Figure 3. Transient absorption data and analysis of PA[DMBil1] upon
excitation at 350 nm, 490 nm and 570 nm. (left column) Representative
spectra of PA[DMBIl1] upon excitation at different wavelengths. (right
column) Decay-associated difference spectra (DADS) produced upon
global analysis fitting of each data set. Samples were prepared using
freeze-pump-thaw to degas the samples in dried methanol. Gaps in sig-
nal correspond to scattering of excitation light.
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Figure 2. UV-Visible absorption spectra of Pd[DMBIl1],
Pd[DMBIl1], and PA[DMBIl1] recorded in dry, degassed methanol.

3 shows TAS representative spectra (left column) along with
the corresponding global analysis decay-associated difference
spectra (DADS) (right column) recorded for PA[DMBIl1] upon
excitation at either 350, 490, or 570 nm. The ground-state ab-
sorption spectrum for PA[DMBIl1] overlaid onto the TAS rep-
resentative spectra is shown in Figure S1. The representative
spectra show a large bleach at 480 nm and a smaller bleach at
550 nm convolved with a growth at 510 nm that appears over
the first several nanoseconds. An additional broad growth ap-
pears over the first several nanoseconds between ~560-750 nm.
The bleaches at 480 and 550 nm can be assigned to loss of the
Pd[DMBIl1] ground state upon comparison to the overlaid
spectra in Figure S1. The induced absorptions that appear at 510
nm and 560-750 nm persist for ~100 ps suggesting that they
represent formation of a long-lived triplet excited state.

Global analysis fitting and decay-associated difference
spectra (DADS) of Pd[DMBIll]. Global analysis was per-
formed to determine the number of components contributing to
the excited-state evolution of PA[DMBIl1] and to obtain life-
times for each component. Consistent with our prior work,
global analysis revealed that when PA[DMBIl1] is excited into
its lowest-energy electronic transition at 570 nm, two DADS
with lifetimes of t; =14.1 ps and 13 = 17.5 ps are obtained (Note
that all ps lifetimes reported in this section are obtained from
fitting ns-TAS data as described in the Experimental section and
reported in the Nanosecond TAS of Pd(Il) Biladienes section
below). These lifetimes are presumed to correspond to the sin-
glet to triplet transition (1) and the lifetime of the triplet excited
state (t3).

Notably, when Pd[DMBIl1] is excited at higher energies
(i.e., at either 350 nm or 490 nm) resulting in population of
higher-lying excited states, three lifetimes are obtained upon
global analysis fitting. Two of the DADS and their correspond-
ing lifetimes match those obtained upon lower-energy excita-
tion (t1 = ~14 ps and t3 = 17-19 ps). The third DADS grows in
amplitude with increasing excitation energy, and fits to an in-
termediate lifetime of 1, = 373 ps upon excitation at 490 nm and
T, = 422 ps upon excitation at 350 nm. A good quality of fit is
obtained from the global analysis (Figure S2) as shown with
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at 350 nm and 570 nm. (left column) Representative spectra of
Pd[MPBII1] upon excitation at different wavelengths. (right column)
Decay-associated difference spectra (DADS) produced upon global
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respond to scattering of excitation light.

bt ‘,‘-“»\;.ex =350 nm 10
0 pff’ = (\
5L ) —negt ol R —
—2.5ps
B 17ps i~ —10.5 (0.4) ps
— | 330 ps -10 — 166 (63) ps
o -20 52 [ P
% 55 .2ns < 20 —26.6 (0.9) us
1 1 1 1 = 1 | 1 1 1 1
< 200 . =570 nm = 100
-\ g\
Ol e OF % = ey
—negt [
_10k —2.3ps —14.2(21) ps
33 ps 27.2(3.1) ps
—o0} 310 ps -10
., —p5ns

1 1 1 1 1 1
500 550 600 650 700 750 800
Wavelength (nm)

450 500 550 600650 700 750 800
Wavelength (nm)

Figure 5. Transient absorption data and analysis of DP upon excitation
at 350 nm and 570 nm. (left column) Representative spectra of
Pd[DPBiIl1] upon excitation at different wavelengths. (right column)
Decay-associated difference spectra (DADS) produced upon global
analysis fitting of each data set. Samples were prepared using freeze-
pump-thaw to degas the samples in dried methanol.

principal kinetic traces. All lifetimes are summarized in Table
1.

Although the amplitude of the additional DADS (1, = 373
pS, Aex = 490 nm; and 1, = 422 ps, Ae = 350 nm) is relatively
small compared to the other two DADS lifetimes, we were un-
able to fit the global data well with only two DADS. Therefore,
we find that this additional lifetime (i.e., 1) is indeed needed to
represent the data for the higher-energy excitation experiments.
Since the origin of this additional lifetime was not immediately
clear, computational work as described at the end of the Results
and Discussion section was undertaken to shed light on the na-
ture of the new excited state dynamics that are observed upon
high energy excitation of PdA[DMBIl1].

TAS and Global analysis fitting of Pd[MPBIll] and
Pd[DPBIll]. Similar TAS experiments and global analyses
were conducted for the other two biladiene complexes of Figure
1 (i.e., PA[MPBIl1] and PA[DPBIl1]) and produced results sim-
ilar to those obtained for PA[DMBIl1]. The results from the
highest (570 nm) and lowest (350 nm) excitation wavelength
data are presented in Figure 4 and Figure 5 for PA[MPBil1] and
Pd[DPBIl1], respectively. TA spectra recorded for
Pd[MPBIl1] show a small bleach at 540 nm, a growth centered
at 515 nm, and a large positive feature spanning 560 — 800 nm
(Figure 4). Global analysis shows components similar to those
observed for PA[DMBIl1] (vide supra). The data collected for
Pd[MPBIl1] following excitation at 350 nm contained three
DADS lifetimes (t1 = 10.3 ps; 12 = 241 ps; 13 = 13.2 ps), while
the data for PA[MPBIl1] excited at 570 nm contains only two
DADS (11 = 12.4 ps; 13 = 14.7 ps). TA spectra and global anal-
ysis for PA[DPBIl1] excited at 350 and 570 nm (Figure 5) show
features similar to PA[DMBIl1] and Pd[MPBIl1] in which a
large bleach forms immediately at ~480 nm, followed by a
growth peak centered at 520 nm and a broad growth feature
spanning 600 — 800 nm. Global analysis for PA[DPBIl1] shows
that the lower excitation wavelength (350 nm) contained three
components with lifetimes of t; = 10.5 ps, 1. = 166 ps, and 13 =
26.6 us. When excited at lower energy (570 nm), Pd[DPBil1]
data contained only two components with lifetimes of 1, = 14.2
ps and t3 = 27.2 us. When taken as a whole the combined results
of the fs-TAS experiments and global analysis demonstrate that

Table 1. Lifetimes for the Pd(ll) Biladiene Series and Pd[TPFPP] as a Function of Excitation Wavelength

Moiety Aex (NM) 71 (pS) 72 (pS) 13 (US)
350 11.7 (1.0) 422 (52) 19.8 (0.8)
Pd[DMBIl1] 490 13.8 (0.3) 373 (103) 17.9 (0.7)
570 14.1 (1.9) 17.5 (0.8)
350 10.3 (0.3) 241 (146) 13.2 (1.1)
Pd[MPBIl1] 490 11.5 (0.8) 215 (145) 12.1 (2.3)
570 12.4 (1.6) 14.7 (1.3)
350 10.5 (0.4) 166 (63) 26.6 (0.9)
Pd[DPBIl1] 490 15.3 (0.3) 280 (190) 30.0 (2.0)
570 14.2 (2.1) 27.2 (3.1)
380 10 (2) 130 (40) 60 (6)
Pd[TPFPP] 400 11(0.6) 130 (30) 62 (6)
550 7.8 (0.6) 132 (42) 62 (7)

Numbers in parentheses are the standard deviation of fitted values.

Note that the origins of the three lifetimes in the Pd(Il) biladiene moieties and the Pd[TPFPP] are different as described in the relevant

sections of the manuscript.
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Figure 6. Nanosecond transient absorption representative spectra
of PA[DMBIl1], PA[DMBIl1], and PA[DMBIl1] upon excitation
at 350 nm. Samples were prepared using freeze-pump-thaw to de-
gas the samples in dried methanol.

all three Pd(Il) biladiene complexes of Figure 1 support a
distinct photophysical process (i.e., t2) upon excitation into the
higher energy Soret-like band that is not observed upon
excitation at lower energies. The Jablonski diagram illustrating
these basic photophysical schemes is Shown in Scheme 1.

Nanosecond TAS of Pd(Il) Biladienes. Results of ns-TAS
for all three Pd(11) biladienes excited at 350 nm (Figure 6) show
the continuation of the photophysical evolution of each species
from the corresponding fs-TAS data. Similar spectral features
to those observed at the end of the fs-TAS temporal window,
namely a small bleach at ~550 nm, in addition to a large induced
absorption at ~515 nm and weak induced absorption from 600
— 800 nm are present in the ns-TAS data. Heat maps of the ns-
TAS data (Figure S3) are shown on nanosecond and microsec-
ond temporal windows to highlight the absorption changes that
occur on the ps to ns timescale and to demonstrate that the sig-
nal completely returns to the ground state on the microsecond
timescale. Kinetic traces of the single-wavelength fitting per-
formed on the ns-TAS data show that a single exponential decay
fits the TA signal for each of the Pd(ll) biladiene homologs
(Figure S4).

Steady-state emission spectroscopy of PdA[DMBIl1]. To
more fully understand the unusual wavelength-dependent pho-
tophysics observed for the three Pd(ll) biladienes, we carried
out excitation-wavelength dependent emission and excitation
scans. The emission spectrum of PA[DMBil1] shows very little
change as a function of the excitation wavelength, as is typical
for most organic and inorganic luminophores (Figure S11).

The shape of the excitation spectra (Figure 7, solid lines
show normalized excitation spectra of Pd[DMBIll] over a
range of emission wavelengths) is generally invariant to the
emission wavelength being monitored. However, the shape of
the emission spectra recorded for PA[DMBIl1] are distinct as
compared to the absorption spectrum recorded for this biladiene

complex (overlaid as a black dashed line in Figure 7). The un-
normalized excitation scans are shown in Figure S12. The exci-
tation spectra recorded for PA[DMBIl1] show two prominent
peaks at ~421 nm and ~526 nm. The excitation peak at 421 nm
overlaps well with a higher-order excitation corresponding to
the absorption spectrum peak at 400 nm. The excitation scan
peak at ~526 nm appears to correspond to the lowest lying ab-
sorption features (a slight shoulder at ~520 and small peak at
550 nm) of the absorption spectrum. Unexpectedly, the most
prominent peak in the absorption spectrum at ~480 nm appears
to lead to little emission intensity in the excitations scans.

Steady-state and time-resolved spectroscopy of related
PA[TPFPP] porphyrin moiety. In order to determine if the
wavelength-dependent photophysics we observed for the Pd(l1)
biladienes also occur for more traditional porphyrinoids (de-
spite not being widely reported in prior literature), we carried
out excitation-wavelength dependent steady-state and time-re-
solved spectroscopy on Pd(ll) meso-tetrakis(pentafluoro-
phenyl)porphyrin (Pd[TPFPP]).3*“® Notably, PA[TPFPP] is
structurally analogous to the Pd(Il) biladienes of Figure 1 and
therefore represents an excellent aromatic tetrapyrrole complex
to contrast to the non-aromatic biladienes.

We first considered the absorption and emission spectra of
Pd[TPFPP] and found them to be consistent with previous re-
ports.®® The PA[TPFPP] porphyrin shows absorption peaks at
403 nm (Soret) and at 518 nm and 552 nm (Q-bands) in metha-
nol solution (Figure S13). Emission peaks are observed at 553
nmand 601 nm (fluorescence) and at 668 nm and 735 nm (phos-
phorescence) (Figure S13).

We next examined the excitation wavelength-dependent
steady-state emission of PA[TPFPP]. Emission spectra rec-
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Figure 7. Steady-state absorption (black dashed line), steady-state
emission (Aex = 420 nm, purple dot-dashed line) and normalized ex-
citation scans (solid lines, multiple colors) collected at emission
wavelengths across the emission peak of PA[DMBIl1] in methanol.
The emission intensity is relatively low for the 600 and 620 nm ex-
citation scans, therefore when these scans are normalized and com-
pared to the strongly emitting excitation scans at 550-580 nm extra-
neous background signal (that may be due to Raman scattering) be-
comes more prominent.



orded for PA[TPFPP] (shown in Figure S14) do not show a de-
pendence on excitation wavelength. Further, excitation spectra
monitored across the porphyrin’s entire range of emission
wavelengths are well matched to the absorption spectrum of
Pd[TPFPP] (Figure S15). Accordingly, Pd[TPFPP] demon-
strates well-behaved and expected steady-state emission, unlike
that detailed for the series of Pd(ll) biladienes studied herein
(vide supra).

We then carried out TAS with the goal of determining if the
number of excited state lifetimes of PA[TPFPP] varies as a
function of excitation wavelength. Excitation at 550 nm (repre-
senting excitation into the lowest-lying, S; state), and at 400 nm
and at 380 nm (different energies within the Soret band that lead
to excitation into higher S, states) were chosen to probe the dy-
namics of PA[TPFPP]. fs-TAS and ns-TAS representative
spectra for each excitation wavelength are relatively consistent
(Figures S16 and S17, respectively). For each excitation wave-
length the best fitting of the data resulted in three lifetimes: t, ~
10 ps, 12~ 130 ps and 13~ 60 us (summarized in Figure S16).
The shortest two lifetimes (t1and t2) result from rapid solvent
reorganization, internal conversion, and fast ISC to the triplet
state.?844-46 Within the standard experimental variation, neither
the values nor the number of lifetimes representing the best fits
of the data varied as a function of excitation wavelength. This
invariance is expected for chromophores that display typical
photophysical evolution.

Detailed global analysis fitting was carried out on the data
from each excitation wavelength (380 nm, 400 nm, and 550 nm)
to fit the data to two, three, and four lifetimes. The kinetic trace
and associate residuals for excitation at 380 nm (Figure S18), at
400 nm (Figure S19), and at 550 nm (Figure S20) are shown in
the Supplementary Information. For all three excitation wave-
lengths, the fit residual improved going from two to three fitted
lifetimes, although some residual structure remained in the
three lifetime fit. However, addition of a fourth lifetime did not
improve the residual, and the additional DADS produced in the
global analysis had very low intensity suggesting that use of the
fourth lifetime represented an overfitting of the data. Thus our
observation is that the photophysical dynamics of PA[TPFPP]
do not vary with excitation wavelength, which is consistent with
the typical paradigms for Pd(I1) porphyrin photophysics.

Density functional theory picture of PA[DMBIl1] and
Pd[TPFPP] photophysics. Density functional theory was em-
ployed to rationalize the origin of the distinct photophysics ob-
served for the Pd(Il) biladienes compared to the traditional
Pd[TPFPP] moiety.

Ground state geometries. Initial optimizations of
Pd[DMBIl1] were performed using coordinates obtained from
the published crystal structure of the same molecule.®? This pro-
cess resulted in a fully optimized (no imaginary frequencies)
structure that was symmetric and fairly flat resembling that of a
porphyrin. This geometry (GS'), which can also be obtained
from an optimization of a 2D ChemDraw-adapted structure, is
only a local minimum on the ground state surface (Sg). The
global minimum (GS) that is 30 meV lower in energy has a bent
biladiene backbone. Interestingly, the Pd[MPBill]and
Pd[DPBIl1] complexes both crystalized in a very similar mo-
lecular orientation,®? suggesting that this bent geometry is even
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Figure 9. Molecular orbitals for PA[DMBIil1] GS configuration.
MO6L/LANL2DZ[Pd]+6-311G(d,p)[H,C,N]/PCM(MeQH).

more stabilized in the derivatives containing bulkier substitu-
ents at the sp3-hybridized meso-carbon. The optimized GS’ and
GS structures are included within Figure 8.

All of the So surface between the two minima is within 1.5
x kgT at 298 K, such that we can expect the entire very flat So
surface to be populated. Despite the large ligand bend (Pd—N-
C-C dihedral angle, 6, Figure 8), the two local ground-state
minima possess very similar frontier molecular orbitals that dif-
fer only due to the broken symmetry in the GS due to the ligand
bending (Figure 9, S6 and S8). Excited state and spin-orbit cou-
pling analysis was performed for PA[DMBIl1] at both geome-
tries (i.e., GS’ and GS) and the computed values deviate only
slightly due to the similarities in the underlying orbitals of the
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Figure 11. The singlet and triplet excited state manifolds at the GS
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eV for the higher energy excitations) and the triplet manifold.
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confirmations. For the sake of clarity, we present the results of
the true ground state (GS) herein and the full data for GS' is
provided in the Supporting Information.

Time-dependent density functional theory. The calculated
absorption spectra of PA[DMBIl1] (Figure 10) matches well
with the experimental spectrum. The two lowest energy singlet
excitations (592 nm and 567 nm) are mostly ligand-centered
(LC), however the majority of higher energy excitations (390-
500 nm) are metal-mixed charge transfer (MMCT) excited
states. It is not possible to completely separate ligand-to-metal
charge transfer (LMCT) and metal-to-ligand charge transfer
(MLCT) transitions as the biladiene ligand is strongly mixed

with the metal orbitals, indicating strong coupling similar to that
which has been observed with strong s-donating ligands.*” Be-
cause of the strong coupling, each of the mostly metal-centered
orbitals has contribution from the ligand, leading to the MMCT
designation.

The triplets display a similar pattern (Figure 11) in that the
lowest three (T1—T3) excited states are LC and most of the
higher-energy states are MMCT. This ordering indicates that
the higher-energy excitations may lead to MMCT triplet popu-
lation. To untangle the multiple possible deactivation pathways
in PA[DMBIl1], we tracked the excited-state surfaces over a 60°
rotation of the biladiene backbone (—30° < 6 < 30°, Figure S9)
and calculated the spin-orbit couplings (SOCs) between the tri-
plet and singlet states at both ground state minima and at the
optimized triplet geometry (Tables S1-S6).

Spin orbit couplings. The SOCs show that for the lowest ex-
perimental excitation (2.2 eV or 570 nm) only the first two LC
singlet states are populated. These states have fairly weak cou-
pling into the triplet manifold, which leads to a relatively long
(> hundreds of fs) singlet lifetime prior to ISC. Once the triplet
state is formed, fast (< 10 ps) internal conversion means that
during the first measured lifetime (t1), the excited state popula-
tion should reach the lowest energy triplet (T). From Ty, there
is weak coupling back to the ground state indicating a long-
lived triplet should be observed, which aligns with the measured
us lifetime (t3) for PA[DMBIl1].

For the higher energy excitation (2.5 eV, 490 nm), the ini-
tially populated excited singlet states (Ss—Si2) are mostly
MMCT in character with strong direct coupling to the upper
levels of the triplet manifold. The ~12 times stronger coupling
of Sz and Sy to the Ty, than the S; to T3 SOC, is consistent with
fast ISC directly from the S; and S, states to the higher-energy
triplet manifold, and bypassing of the expected S; — T evolu-
tion all together. This high energy ISC would resultina MMCT
type triplet which undergoes internal conversion to the lowest
energy triplet. Because the nature of the two triplets is quite dif-
ferent (Tq versus T1), the reorganization of the electron density
and the correlated solvent reorganization should take on the or-
der of hundreds of ps. The new lifetime seen in the higher en-
ergy excitation regime (t2 ~ 373 — 420 ps) fits well with this
proposed high energy ISC and then triplet decay mechanism.

Once in the T, state, the long-lived triplet lifetime (t3) is ob-
served due to the weak coupling back to the ground state. Im-
portantly, the SOCs at GS' and at the optimized triplet geometry
are very similar (Tables S1-S6) and the accessible excited-state
energy surfaces of PA[DMBil1] are extremely flat (Figure S9).
This result is somewhat surprising given the extent of the rota-
tion of the ligand explored but strongly suggests that the pro-
posed photophysical scheme is expected to be similar along
every point on the ground state surface.

DFT Summary of Pd[TPFPP]. The computational results
obtained for Pd[TPFPP] are more straightforward, and are in
line with what would be expected for the typical photophysics
observed experimentally. The ground-state geometry shows
one minimum due to the more rigid nature of the closed por-
phyrin macrocycle, with symmetric molecular orbitals as ex-
pected. The relative SOC into higher energy triplets (T, n > 2)
vs T, are four times lower than those obtained for the Pd(Il)
biladienes (Tables S7 & S8) indicating that direct coupling into



the higher energy triplets states is not a dominate deactivation
pathway in PA[TPFPP].

Implications for other Pd(ll) biladienes. The computational
results detailed above reveal that the twisted ground-state ge-
ometries of the Pd(ll) biladienes drive the interesting photo-
physics that induce rapid ISC into the higher-energy triplet
states upon higher-energy excitation. The crystal structures®
and DFT optimizations of the biladienes bearing phenyl groups
at the sp3-hybrdized meso-carbon (i.e., Pd[MPBIll] and
Pd[DPBIl1]) show that only the twisted geometry is a stable
ground state minimum (i.e., GS). These results are in contrast
to the case for PA[DMBIl1], which crystallized in the more pla-
nar configuration (i.e., GS’). The DFT reveals that the excita-
tions leading to the population of the higher-energy triplet ex-
cited state are dominated by the metal and the first coordination
sphere. These results suggest that the higher-energy excited
states of PA[MPBIl1] and Pd[DPBil1] should also have fast in-
tersystem crossing into the higher-energy triplet states. The in-
sights gained from this Pd(ll) series serves a roadmap to en-
hance this effect in other biladiene and related tetrapyrole moi-
eties.

Conclusions and Future Directions

Biladienes are non-aromatic oligotetrapyrroles that are re-
lated to porphyrins but which have breaks in the framework’s
n-conjugation due to the presence of an sp3-hyrbidized meso-
carbon at the 10-position and the non-macrocyclic nature of the
architecture. Accordingly, biladienes are tetrapyrroles of much
lower symmetry relative to traditional porphyrinoids and sup-
port interesting photochemical properties including the ability
to strongly absorb light to induce population of long-lived tri-
plet excited states (especially when complexed with Pd(Il) or
Pt(I1). Up until this study, however, the excited-state dynamics
of Pd(Il) biladiene complexes have remained virtually unex-
plored.

In an effort to map the photophysics of these systems in de-
tail, we embarked upon a comprehensive experimental and
computational study of the excited-state dynamics on a series
of 10,10-disubstituted Pd(ll) biladiene derivatives. Through
transient absorptions spectroscopy, we found that excitation
into the lowest-energy absorption feature of the Pd(l1) biladiene
complexes shown in Figure 1 (representing excitation into the
Si1 and S; states) results in typical photophysics, similar to what
has been observed previously for Pd(I1) porphyrins. More spe-
cifically, low energy excitation results in one lifetime on the pi-
cosecond time scale corresponding to singlet to triplet conver-
sion, followed by a longer lifetime on the microsecond time
scale corresponding to decay of the triplet state. Surprisingly,
excitation into higher-lying excited states of the Pd(I1) biladiene
moieties using Aexc = 350-500 nm light resulted in atypical pho-
tophysics in which a third lifetime is resolved. Further, unex-
pected emission excitation spectra bolster the observation that
the Pd(I1) biladienes support photophysics that are distinct from
more traditional Pd(I1) tetrapyrroles.

Density function theory was used to rationalize the origin of
the third photophysical process observed upon higher-energy
excitation and the unusual emission excitation spectra recorded
for Pd(ll) biladienes. In sum, lower-energy excitation of the

Pd(I1) biladienes results in population of ligand-centered ex-
cited states that give rise to standard Pd(ll) tetrapyrrole photo-
physics, while higher-energy excitation results in population of
charge-transfer excited states that possess significant spin-orbit
coupling to higher-lying mixed-metal-charge-transfer (MMCT)
triplet states (T, where n > 1). DFT calculations suggest that
Pd(Il) biladienes can readily undergo ISC directly to those
higher-lying triplet states from the MMCT states. Accordingly,
the photophysical scheme that emerges for Pd(l1) biladienes is
one in which higher-energy excitation into charge-transfer ex-
cited states results in dark states that deactivate through the low-
est energy triplet back to the ground state (resulting in the un-
expected emission excitation spectra that are observed). The
relatively low symmetry of the biladienes (as compared to rig-
orously square planar porphyrins) leads to stronger interaction
between the Pd(Il) center and the tetrapyrrole ligand, which fa-
cilitates population of the low energy MMCT excited states in
both the singlet and triplet manifolds leading to the interesting
excitation-wavelength dependent photophysics. Notably, de-
tailed, TAS, DFT, and excitation experiments show that the
above phenomena are not operative for the analogous
Pd[TPFPP] porphyrin complex, marking biladiene complexes
as constructs that support photophysics distinct from those that
have been thoroughly characterized for more common aromatic
tetrapyrroles.

When taken together, the results of this study provide the
first experimental and theoretical insight into the multi-facetted
ultrafast dynamics of non-aromatic  biladiene-based
tetrapyrroles. This work provides an improved level of under-
standing into how the structural and electronic changes associ-
ated with breaking the aromaticity of tetrapyrrole complexes
can impact the excited-state manifold and thereby the excited-
state relaxation dynamics. More generally, the results of this
work demonstrate that Pd(I1) biladienes support a unique triplet
photochemistry that may be exploited in future photochemical
schemes and applications. Such efforts will be of continued in-
terests in our laboratories.
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The non-aromatic nature of the 10,10-disubstituted Pd(I1) biladiene backbone leads to atypical photo-
physics. Experiment and theory show that excitation into higher-energy mixed-metal singlet excited
states can result in direct access to higher-energy triplet states not realized for traditional tetrapyrrole
architectures.




