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In photosynthetic systems employing multiple transition metal centers, the properties of charge-transfer
states are tuned by the coupling between metal centers. Here, we use ultrafast optical and X-ray
spectroscopies to elucidate the effects of metal-metal interactions in a bimetallic tetrapyridophenazine-
bridged Os(i)/Cu() complex. Despite having an appropriate driving force for Os-to-Cu hole transfer in
the Os(i) moiety excited state, no such charge transfer was observed. However, excited-state coupling
between the metal centers is present, evidenced by variations in the Os MLCT lifetime depending on the
identity of the opposite metal center. This coupling results in concerted coherent vibrations appearing in
the relaxation kinetics of the MLCT states for both Cu and Os centers. These vibrations are dominated by
metal-ligand contraction at the Cu/Os centers, which are in-phase and linked through the conjugated
bridging ligand. This study shows how vibronic coupling between transition metal centers affects the
ultrafast dynamics in bridged, multi-metallic systems from the earliest times after photoexcitation to
excited-state decay, presenting avenues for tuning charge-transfer states through judicious choice of

rsc.li/chemical-science metal/ligand groups.

Introduction

Natural photosynthetic systems utilize multiple precisely-
arranged chromophores to facilitate long-range electron trans-
fer networks that cooperatively work to absorb photons,
generate long-lived charges, and oxidize water molecules.
Inspired by such designs in nature, many artificial photosyn-
thetic systems have been constructed to achieve photoinduced
sequential, unidirectional and long-distance electron transfer

“Chemical Sciences and Engineering Division, Argonne National Laboratory, Lemont,
Illinois 60437, USA. E-mail: mulfort@anl.gov

*Department of Chemistry, Northwestern University, Evanston, Illinois 60208, USA.
E-mail: michael. mara@northwestern.edu; I-chen@northwestern.edu

‘Department of Chemistry, University of Washington, Seattle, Washington 98195, USA
‘Institute of Materials Structure Science, High Energy Accelerator Research
Organization (KEK), 1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan

“Department of Materials Structure Science, School of High Energy Accelerator Science,
The Graduate University for Advanced Studies, 1-1 Oho, Tsukuba, Ibaraki 305-0801,
Japan

fJapan Synchrotron Radiation Research Institute, Kouto 1-1-1, Sayo, Hyogo 679-5198,
Japan

¢RIKEN SPring-8 Center, 1-1-1 Kouto, Sayo, Hyogo 679-5148, Japan

T Electronic supplementary information (ESI) available: Cyclic voltammogram for
CuOs/0s0s, remaining OTA/XTA spectra/kinetics, CuOs MO diagrams, calculated
CuOs vibrational modes. See DOI: 10.1039/d1sc05034f

© 2022 The Author(s). Published by the Royal Society of Chemistry

for simultaneous oxidation and reduction reactions at both
ends of the charge-transfer chain."® Transition metal
complexes (TMCs) have been used as building blocks in artifi-
cial photosynthetic systems to function as light sensitizers and
catalytic centers for converting sunlight to electricity and fuels.
The latter process frequently involves transformation of natural
resources, such as water and carbon dioxide, to hydrogen and
hydrocarbons, requiring multiple redox equivalents. Thus,
connecting mostly single photon events in light absorption to
photocatalytic reactions has been a key challenge in solar fuel
generation. One strategy is to build a complete photoredox cycle
with two or more metal centers acting cooperatively with the
optimal sequence of events in both time and space. Metal-to-
ligand and ligand-to-metal charge-transfer (MLCT, LMCT)
excited states are particularly active in electron transfer towards
the conversion of light to electricity or chemical fuels due to
their capability in separating holes and electrons and directing
them to catalytic centers.

Despite the importance of the TMC excited states, their
trajectories on excited-state potential energy surfaces (PESs) are
still unclear and under-investigated, particularly in terms of
transient nuclear geometry and the corresponding electron
density shifts at the earliest stage after their creation. Knowl-
edge limited to the thermally equilibrated energetics of the
excited states is insufficient to predict the outcome of
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photochemical reactions; instead, a complete TMC excited-state
charge-transfer trajectory must include interplays of electronic
and nuclear motions before thermalization. Such interplays
have been investigated experimentally using femtosecond
optical pump-probe spectroscopy to probe the motion of
coherent vibrational wavepackets.”* However, the results from
optical studies alone can be convoluted since multiple TMC
moieties in the systems often have overlapping absorption
spectra in the ground and excited states. X-ray transient
absorption (XTA) spectroscopy using femtosecond X-ray pulses
generated at X-ray free electron laser (XFEL) sources can probe
local electronic and nuclear structures of the metal centers with
elemental specificity and sub-picosecond time resolution. Thus,
XTA provides detailed excited-state structural information of
the individual transition metal centers on the time scale of
charge transfer and vibrational motion, yielding a more
complete picture of the TMC excited-state PES.

Recently, several studies have focused on using transient X-
ray methods to directly probe the nuclear vibrational motion
and their impacts on electronic structures of TMCs towards
further understanding their PESs.””'® The majority of these
focused on monometallic TMCs, while many natural and arti-
ficial photosynthetic systems require multiple metal-centered
building blocks linked via bridging groups to perform light-
harvesting and catalytic functions. The bridging ligands addi-
tionally can play an important role in coupling between the
metal centers, as a site for charges to reside during electron or
energy transfer between metal centers, and to manipulate the
charge-separation mechanism (e.g, sequential or super-
exchange versus Dexter or through-bond transfer.) Therefore,
key aspects of multiple transition metal systems were not
addressed in previous studies, including electronic coupling
between the metal centers and the effect of the bridging groups
on the early-time charge-transfer dynamics, necessitating the
investigation of simple molecular systems employing two or
more metal centers. Some examples are complexes utilizing the
tetrapyrido[3,2-a:2',3'-c:3",2"-h:2"",3"-j] ~ phenazine (tpphz)
ligand, originally reported by Knapp et al.'” and Bolger et al.*®*°
The tpphz ligand fosters directional charge transfer through
a lower energy intra-ligand charge-transfer (ILCT) state,
enabling metal-to-metal charge transfer (MMCT) in (bpy),Os(u)-
tpphz-Ru(u)(bpy), (bpy = 2,2'-bipyridine),**** (bpy),Co(u)-
tpphz-Ru(u)(bpy),,” (tbbpy),Ru(u)-tpphz-Rh(1)(Cp*)Cl (Cp* =
pentamethylcyclopentadienyl, tbbpy = 4,4’-di-tert-butyl-2,2'-
bipyridine),*® and (mesPhen)Cu(i)-tpphz-Ru(u)(bpy), (mesPhen
= 2,9-dimesityl-1,10-phenanthroline, abbreviated CuRu)
complexes.” These studies mostly focused on the ILCT and
MMCT processes, which occur on the ps time scale, with no
emphasis on the sub-ps dynamics. Bimetallic complexes
bridged by tpphz present an excellent opportunity to investigate
how electronic coupling between metal centers and ligands can
tune excited-state energetics, dynamics, pathways, and ulti-
mately photocatalytic outcomes.

Here, we investigate the ultrafast excited-state dynamics of
(bpy),Os(1)-tpphz-Cu(1)(mesPhen) (OsCu) along with its deriva-
tives using optical transient absorption (OTA) and XTA spec-
troscopies. We hypothesize that (1) the excited-state Os(u)
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moiety could be influenced by the connection with the Cu(), (2)
a possible hole transfer may occur from the MLCT state of Os(u)
center to Cu(r) center, similar to that observed previously in
CuRu,* and (3) the tpphz may play an important role in elec-
tronic coupling between the metal centers. Using OTA in
conjunction with XTA, we investigated the ultrafast dynamics of
the Cu and Os MLCT states, with the element-specific nature of
XTA serving to disentangle the properties of the two metals
centers. Probing the photogenerated vibrational wavepackets
reveals how this vibrational coupling is tuned by the metal
centers and the bridging ligand. These studies demonstrate
how metal centers can be coupled via ligand design to enhance
or attenuate desirable metal-metal interactions, paramount in
the rational design of TMCs optimized for application in
photosynthesis and photocatalysis.

Experimental
Synthesis

The synthesis of CuOs was achieved in a similar method for the
synthesis of the previously reported CuRu complex.>* Full
details and structural characterization were recently reported by
our group elsewhere.”” Briefly, starting from [Os(bpy),Cl,],
reaction with 1,10-phenanthroline-5,6-dione (phendione) fol-
lowed by counterion exchange yielded [Os(bpy)a(-
phendione)](PFs),. This intermediate used in
a condensation reaction with 5,6-diamino-1,10-phenanthroline
and produced the tpphz-ligated complex [Os(bpy).(-
tpphz)](PFs),. Lastly, the Cu(r) center was installed by the
HETPHEN approach*?® where [Os(bpy),(tpphz)](PFs), was
treated with one equivalent of [Cu(mesPhen)(CH;CN),](PFs),
generating the target complex CuOs.

was

Optical transient absorption spectroscopy

Femtosecond optical transient absorption spectroscopy (OTA)
experiments were performed as described previously, with time
resolution of ~500 fs.***' Impulsive stimulated Raman scat-
tering (ISRS) experiments with a 540 nm pump were performed
using a previously-reported™ regeneratively-amplified Ti:sap-
phire laser system (Solstice Ace, Spectra-Physics) outputting
a 10 kHz train of 800 nm, 35 fs, 0.65 m] pulses. The funda-
mental was split using a 50% reflective beamsplitter to pump
two laboratory-constructed non-collinear optical parametric
amplifiers (NOPA). The reflected portion was used to generate
the pump pulse, centered at 540 nm with about 30 nm full-
width at halfmaximum (FWHM) and compressed using
a fused-silica prism compressor to about 35 fs. The transmitted
portion was used to generate the probe pulse, centered at
580 nm with about 100 nm FWHM and compressed using the
multiphoton intrapulse interference phase scan method with
a spatial light modulator (MIIPSBox640, Biophotonics Solu-
tions) to about 10 fs at the sample position. The pump polari-
zation was set to 54.7° (magic angle) with respect to that of the
probe with 50 nJ per pulse at the sample. The pump was
chopped at 200 Hz using a mechanical chopper and the probe
was directed along an optical delay stage (ILS300LM, Newport)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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to vary the pump-probe time delay. The probe and signal were
detected with a spectrograph coupled with a EMCCD camera
(Shamrock/Newton, Andor) using a laboratory-written LabVIEW
program (National Instruments). The instrument response was
measured to be less than 40 fs by cross correlation in a 5 um
BBO crystal (United Crystals Inc.) placed at the sample position.

ISRS measurements with a 640 nm pump were performed
using a Yb:KGW regenerative amplifier (Light Conversion,
Pharos-10 W) generating 1030 nm fundamental pulses at 10
kHz repetition rate with a pulse width of 200 fs. The funda-
mental beam was split into two pulses using a 90/10 beam
splitter to produce a visible pump and a broadband probe pulse.
The high-power beam pumped a laboratory-built NOPA to
generate the pump pulses centered at 640 nm with 25 nm
bandwidth.?” The pump pulses were compressed with a chirped
mirror pair (Laser Quantum, DCM-12) and a fused silica wedge
pair (Newport) to 32 fs FWHM at the sample position, which was
characterized by second harmonic generation frequency-
resolved optical gating (SHG-FROG) with a 5 pm thick Beta
Barium Borate (BBO) crystal (United Crystals Inc.). For broad-
band probe, the low-power beam was focused in a 3 mm thick
YAG window (EKSMA) by a 10 cm plano-convex lens to generate
awhite light continuum (WLC) spanning 520-850 nm. The WLC
was subsequently compressed by a chirped mirror pair (Laser
Quantum, DCM-9). The pump and probe beams were focused
on the sample in a 1 mm pathlength quartz cuvette using
a 25 cm concave mirror. The optical time delay between pump
and probe pulses was controlled by a motorized linear stage
(Newport, XMS160-S). To measure the TA spectra, the “pump-
on” and “pump-off” probe spectra were obtained using
a chopper operating at 500 Hz and detected with a spectrometer
(Andor, Kymera 328i) and a sCMOS camera (Andor, Zyla-5.5).
The TA measurements were carried out with the pump polari-
zation set to 54.7° with respect to the probe polarization to
eliminate polarization-dependent signals.

Nanosecond transient absorption spectroscopy (nsTA)
experiments were performed using a previously-reported
regeneratively-amplified Nd:YAG laser system with an optical
parametric generator (PL2210/PG403, Ekspla) coupled with
a supercontinuum laser (STM-1-UV, Leukos).** The 1 kHz
fundamental of the amplifier was frequency-tripled internally
and the repetition rate was down counted yielding a 500 Hz
train of 355 nm, 25 ps, 300 pJ pulses that pumped the optical
parametric generator, tuned to output 500 or 625 nm, 25 ps, 20—
50 uJ pump pulses. The pump pulses were focused to about 200
pm diameter at the sample with about 200-1000 nJ per pulse.
The supercontinuum laser, triggered by the 1 kHz master clock
from the amplifier, output a 1 kHz train of broadband (400-
1600 nm), 600 ps, 15 pJ probe pulses. A 950 nm shortpass filter
was used to filter the residual fundamental (1064 nm) from the
probe pulses, which were then focused to about 150 pm diam-
eter at the sample. The probe and signal were collimated and
focused into a 2150i Acton series spectrograph (Princeton
Instruments) coupled with a Spyder3 SG-14 CCD camera (Tele-
dyne Dalsa). Three DG535 digital delay generators (Stanford
Research Systems), triggered by the 1 kHz master clock from the
amplifier, adjusted the timing of the supercontinuum probe
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and triggered the camera. The probe spectra and transient
signal were recorded and calculated using a laboratory-written
program (LabVIEW 2014, National Instruments). The tran-
sient spectra were collected by averaging signal for a total of 1.5-
4 s per time delay.

X-ray transient absorption spectroscopy

The ultrafast XTA experiments were performed in an XFEL
facility at BL3 (ref. 33) of SACLA, Japan® using the SPINNETT
system®® and the total fluorescence detection scheme. The XFEL
beam was monochromatized by two Si(111) channel-cut crystals
with a (+, —, —, +) geometry and focused down by Be compound
refractive lenses.’* CuOs was dissolved in nitrogen-purged
acetonitrile at 10 mM concentration and flowed as a smooth
liquid jet through a ~100 um diameter nozzle in a liquid
circulating system. The laser pump pulse (at 500 or 625 nm) was
adjusted to spatially and temporally overlap with the X-ray
probe pulse. The laser pulses were generated by a Ti:sapphire
laser system coupled with an optical parametric amplifier (HE-
TOPAS, Coherent), to induce the MLCT transitions of the Cu or
Os center. To determine the optimal pump laser pulse energy
for the highest possible excited-state population with minimal
multi-photon processes, “power titration” scans (signal inten-
sity vs. laser pulse energy) were performed and a pulse energy of
14 pJ was chosen (Fig. S1t). The arrival timing between the X-ray
and optical pulses was recorded using the timing diagnostics
based on the X-ray beam splitting scheme.’”*® In the jitter
correction, an interval bin width of 50 fs was used. The overall
experimental time resolution was evaluated to ~130 fs FWHM
by a Gaussian fit of the first derivative of Cu K-edge and Os Ly
edge time scans at 8.9865 and 10.871 keV, respectively
(Fig. S21), where the largest transient signal was observed in the
difference XANES spectrum.

Computational methods

DFT calculations on CuOs were performed using the Gaussian
16 (ref. 39) package. We used the wB97X-D functional*® with the
LanL2DZ effective core potential (ECP) and corresponding basis
set* on Cu and Os atoms and 6-31G(d) on light atoms. The
functional was chosen because it is a long-range corrected
hybrid density functional and includes dispersion corrections
that are important in accurate treatment of charge-transfer
states and m-m interactions, respectively.*® Solvent effects
(acetonitrile) were considered using the polarizable continuum
model (PCM).*” The optimized structures were confirmed as
true minima by frequency calculations.

Results
UV-vis spectra

The structures and UV-vis spectra of CuOs, OsOs, Cu, and Os are
displayed in Fig. 1. Both Cu and Os have pronounced absorp-
tion bands centered between 400-500 nm with the Os absor-
bance coefficient twice that for Cu. Cu has a weak tail extending
to 600-650 nm, while Os has a much stronger absorption tail
extending past 700 nm. The absorption of CuOs is compared

Chem. Sci., 2022,13, 1715-1724 | 1717
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Fig.1 (a) Structures of Os, Cu, CuOs, and OsOs; (b) UV-vis spectra of
Os, Cu, and CuOs and OsOs.

with the sum of the absorption from Os and Cu (Fig. S3t),
showing that the CuOs absorption predominantly consists of
the sum of the contributions from the individual MLCT bands.
Similarly, the absorption of OsOs is compared with the sum of
contributions from two Os (Fig. S31), though in this case the
sum of contributions does not reproduce the OsOs spectrum as
accurately.

Optical transient absorption spectra

OTA measurements with ~500 fs time resolution were per-
formed on Os, OsOs, and CuOs with excitation at 500 nm and
625 nm. OTA spectra of CuOs with 500 nm excitation are shown
in Fig. 2a; the OTA spectra for the other compounds and exci-
tation wavelengths are in the ESI (Fig. S4 to S10%). The CuOs
OTA spectra exhibit a strong ground-state bleach (GSB) centered
around 490 nm, along with excited-state absorption (ESA)
features red of the GSB. Within the 0-10 ps window, these ESA
features appear between 575-800 nm, while at later times the
onset of the ESA blue-shifts to ~550 nm. Additionally, when
excited at 500 nm, CuOs exhibits ESA centered at 630 nm at time
delays less than 10 ps that blue-shifts to 600 nm and decays
between 10-100 ps; this feature is not observed in the OTA
spectra of any of the Os and OsOs complexes, nor in the CuOs
OTA spectra with 625 nm excitation. The time constants for the
excited-state dynamics were extracted via global kinetic analysis
and are given in Table 1. Global kinetic fitting for all OTA
spectra were modelled with the product of a step function and
a sum of exponentials convolved with a Gaussian IRF. CuOs is
best fit to four components (the first representing two response-
limited processes). This kinetics model was used to extract the
decay-associated spectra, shown in Fig. 2b. CuOs exhibits a rise
time of ~300 fs (which corresponds to a mixture of 100 and 600
fs components observed in the ISRS experiments, vide infra, but
here obscured by the 500 fs Gaussian instrument response). 73
represents additional blue-shifting of the ESA, while t, reflects
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Fig. 2 (a) OTA spectra and (b) decay-associated spectra of CuOs
following 500 nm excitation.

decay of the ESA centered at 600 nm. Finally, 75 represents
excited-state decay with loss of the GSB. Neither 7, 7, nor 7, are
observed in CuOs following 625 nm excitation, nor are they
observed in OsOs or Os. The intermediate time constant, t; =
2-4 ps, did not vary much among the complexes, though s
depended strongly on the presence of a second metal opposite
Os, with 75 = 14 ns in Os (no second metal), 1.3-1.5 ns in CuOs,
and 0.3 ns in OsOs.

To investigate the interplays between the electron-nuclear
motions in the TMC excited states, we searched for vibra-
tional motions that may transiently distort nuclear structures
and cause consequent electronic perturbations. In a molecular
ensemble of TMCs, such vibrational motions could only be
captured using femtosecond laser pulses much shorter than the
vibrational periods to trigger the excited-state formation and
probe the molecular responses. In order to characterize vibra-
tional modes that are active in the excited state, ISRS
measurements were performed. Subtracting the population
dynamics revealed oscillatory signals in the fit residuals that
presumably arise from coherent wavepacket motions. Following
excitation at 540 nm, the CuOs spectra and residuals are shown
in Fig. S11 and S12,7 respectively, and the Fourier transform of
the residuals are shown in Fig. 3; time constants are shown in
Table S1.f Time constants of ~100 and 600 fs are observed,
which appeared as a ~300 fs rise in the OTA spectra in Fig. 2.
The Fourier transform power spectra of the residual signals
revealed multiple vibrational modes as a result of photoexcita-
tion, including a ~50 cm ™' component observed near 600 nm
and ~240 and ~430 cm ™' components observed from less than
575 nm to 650 nm (with nodes between 610-620 nm). All peaks
have widths of ~25-30 cm ' FWHM. Additional ISRS

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Average OTA time constants for Os, OsOs, and CuOs Complexes

Complex (pump wavelength) 74 (ps) 75 (ps) 73 (ps) 74 (PS) 75 (ps)

CuOs (500 nm)? 0.09 + 0.05” 0.63 + 0.05” 2.7+£04 4947 1540 + 90
CuOs (625 nm)“ - - 2.4+0.4 - 1240 + 90

Os (500 nm)* — — 2.8+0.4 — 14 780 + 50°
Os (625 nm)* — — 3.1+03 — 14 000 + 400°
0s0s (625 nm)? — — 1.7 £ 0.4 — 297.2 £ 0.8

“ Additional weak components from rotational diffusion, aggregation, or small impurities; not included here. * From ISRS measurement. ¢ From

nsOTA measurements. ¢ Additional long-lived impurity, minor.

500 2.0
T

400
£ 15,
p 5
@300 %
1S 1.0
b= |
c 200 t
c L
s 05
= 100 '

0.0

0
575

600 625 650
Wavelength (nm)

675 700

Fig. 3 ISRS spectra of CuOs following 540 nm excitation.

measurements were performed using a 640 nm pump, but no
vibrational coherence signals were observed that could be
assigned to CuOs. The detailed assignments for some of these
modes will require additional data from XTA and quantum
mechanical calculations as described below.

X-ray transient absorption spectra

Cu K-edge XANES and XTA spectra of CuOs following 500 nm
excitation are shown in Fig. 4a. Like in similar Cu(i) bis-
phenanthroline complexes, 1s — 4p electronic transitions are
observed on the rising edge between 8.986-8.988 keV.** Upon
photoexcitation, a depletion in the rising edge intensity is
observed, reflecting a shift in the edge to higher energy as Cu(u)
species forms as a result of the MLCT transition. This shift
coincides with a slight increase in intensity at ~8.978 keV,
which reflects the appearance of a quadrupole-allowed 1s — 3d
transition that is only present in the Cu(u) 3d° species. Similar
spectral changes are observed with 625 nm excitation
(Fig. S13t), albeit with much weaker XTA signals reflecting a low
but non-zero absorption coefficient of the Cu MLCT band at
longer wavelengths. The Os Ly-edge (Fig. 4b) consists of 2p —
5d dipole-allowed transitions. Photoexcitation at 500 nm
induces a shift in the white line (10.875 keV) to higher energy,
along with the appearance of a new 2p — 5d transition on the
rising edge at ~10.871 keV. Similar to Cu, excitation at 625 nm
produced comparable difference signals at the Os Ly edge
(Fig. S137).

The MLCT state rise and decay kinetics were measured at X-
ray photon energies corresponding to the maximal difference
signals at the Cu K-edge (8.986 keV, negative) and Os Ly-edge

© 2022 The Author(s). Published by the Royal Society of Chemistry

(10.871 keV, positive) (Fig. 5a). Kinetics were fit with a sequen-
tial triexponential function convolved with a Gaussian instru-
ment response function of 130 fs FWHM (Fig. S2t), with the
response accounting for the response-limited portion of the
rise. The longest decay time constant (t3) was fixed to the
excited-state decay constant extracted from kinetic traces with
~150 ps range (Fig. S141). Fit parameters are given in Table 2.
The longer rise of the difference signals for Cu and Os have
similar time constants of 0.42 and 0.46 ps respectively, followed
by decay time constant of 0.71 and 0.83 ps, respectively. The
excited-state decay constant of 49 ps at the Cu K-edge is
comparable to 7, in the femtosecond OTA measurements of
CuOs upon 500 nm photoexcitation. The longest excited-state
decay constant observed at the Os Lpyredge in the experi-
mental time window is much longer than the 150 ps range
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Fig.4 XTA spectra of CuOs at the (a) Cu K-edge and (b) Os L;;-edge at
2 ps and 0.7 ps time delays, respectively, following 500 nm excitation.
Dotted lines indicate the energies used for kinetics traces in Fig. 5.
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Fig. 5 (a) Kinetics traces for CuOs measured at Cu K (8.986 keV, blue)
and Os Ly, (10.871 keV, red) edges. Experimental data and fits shown as
solid and dotted lines, respectively. (b) Filtered kinetic residuals, with
Os residual inverted for comparison.

Table 2 CuOs XTA kinetics time constants following 500 nm
excitation®

71 (ps) Aq 75 (ps) A 73 (ps) A3
Cu 0.42 0.087 0.71 —0.075 50 —0.029
Os 0.46 —0.086 0.83 0.044 >>150 0.063

“ Cu and Os kinetic preexponential factors have different signs to
account for the negative and positive difference signals, respectively.

collected, consistent with 75 from the OTA measurements. A
more detailed analysis of the dynamics is presented in the
Discussion.

During the experimental data acquisition, we noticed certain
features in the rise of both the Cu and Os kinetics that would
not fit adequately with multiple exponential functions in the
time delay range of 200-600 fs. These “kink”-looking features
were reproduced in different sets of data taken on different days
and at both Cu K-edge and Os Ly-edge signals. After subtrac-
tion of the fit traces, the residuals of the data, shown in Fig. 5b,
revealed that the “kink”-looking features were actually weak
oscillatory signals at both the Cu and Os edges. Note that the
sign of the Os residuals in Fig. 5b are sign flipped to facilitate
comparison. The positive signal at the Os Lz-edge originated
from the vacant 5d orbital in Os(i) to enable an additional 2p to
5d transition, while the negative signal at the Cu K-edge reflects
the formation of the Cu(u) species as the ground state Cu()
species depletes. Thus, the increase of the Os(m) and decrease of
Cu(1) residuals at 300 fs delay time reflect decreased electron
density at both metal centers. Conversely, the decrease of the
Os(m) signal and increase of the Cu(i) signal at ~600 fs delay
time reflect the gain of electron density at both metal centers.
Thus, the depletion and gain of the electron density for both
metal centers are in phase. The Cu residuals are modelled by

1720 | Chem. Sci, 2022, 13, 1715-1724
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Fig. 6 (a) Fit of Cu K-edge residual (blue) with ~40 cm ™ damped sine
function (red, dashed). (b) Image of 58 cm™! vibrational mode from
DFT calculations.

a damped sine function corresponding to a vibrational mode
with a frequency of ~40 cm™", as shown in Fig. 6a below (fit
parameters in Table S27).

Discussion
Tuning of MLCT lifetimes through metal-metal coupling

The UV-vis spectra of Cu and CuOs have absorption bands
centered around 400-500 nm, with Os and CuOs exhibiting an
additional band in the 550-700 nm region and tailing past
700 nm. The 400-500 nm band is assigned as various transi-
tions to 'MLCT states, analogous to that observed for
[Cu(dmp),]" (dmp = 2,9-dimethyl-1,10-phenanthroline),* while
the 550-700 nm band in the Os-containing complexes is
assigned as direct excitation to *MLCT states.?®*"*> There is little
to no ground-state electronic coupling between the Cu and Os
building blocks in CuOs, which is demonstrated by the sum of
the Cu and Os absorption spectra reproducing the CuOs
absorption spectrum well (Fig. S31). This agrees with the similar
Os redox potentials between OsOs and CuOs from cyclic vol-
tammetry (Fig. S15 and Table S3t). Curiously, the UV-vis of
0OsOs is more poorly reproduced by the sum of two Os contri-
butions, so ground-state electronic coupling may be more
prominent in that case.

The appearance of the pre-edge feature in the Cu K-edge XTA
spectrum indicates the transient formation of Cu(u), as does the
increase in edge energy, which has been assigned as a net
oxidation of the Cu center in numerous XTA measurements on
Cu bis-phenanthrolines.****** The Os Ly-edge XTA difference
signal is also consistent with transient oxidation of the Os(i)
center. The Os center in the ground state complex is Os(u) low-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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spin in a nominally octahedral coordination symmetry with
filled t,, orbitals. Photoexcitation of the Os center removes one
of these electrons, enabling a new absorption band into the t,,
hole, as was observed in the Os Ly-edge XTA of a similar Os
complex.* Both the Cu K-edge and Os Ljj-edge XTA spectra are
consistent with net oxidation of the metal centers from MLCT
excitation.

The excited-state lifetimes for Os, CuOs, and OsOs are given
in Table 1. 75 corresponds to decay of the Os *MLCT state,
consistent with the long lifetime observed in the Os Ly-edge
kinetics. Addition of a second transition metal center to Os
reduces the lifetime from 14 ns to 1.5 ns for CuOs and 300 ps for
OsOs. While the UV-vis spectra show minimal electronic
coupling in the ground state, these results demonstrate the
dependence of the excited-state lifetime on the presence of this
additional metal center, suggesting stronger coupling in the
excited state. A similar decrease in excited-state lifetime was
observed upon the addition of Pd to Ru-tpphz.>* MO diagrams
of the HOMO, LUMO, and LUMO+1 are shown in Fig. S16.f
Both the LUMO and LUMO+1 reflect significant electron delo-
calization across the bridging tpphz ligand. Regardless of the
sample or excitation wavelength, an intermediate component is
observed in the OTA with a lifetime of 73 = 2-4 ps, which is
consistent with ILCT previously observed in both Ru/Os tpphz*®
and Cu/Ru tpphz complexes.** Therefore, at early times,
regardless of which metal charge-transfer state is excited, the
MLCT electron becomes delocalized across the tpphz ligand,
spanning the distance of the Cu and Os centers, within a few ps.
This delocalization facilitates Cu/Os coupling; most likely, the
interactions between the two metal centers increase spin-orbit
coupling, resulting in faster Os *MLCT decay when a second
heavy metal is present.

Importance of kinetic factors in excited-state electron transfer

Cyclic voltammetry indicates that there is 360 mV driving force
for hole transfer from the Os(m) in the Os-centered MLCT state
to the Cu(i) center. Therefore, CuOs should exhibit MMCT upon
photoexcitation of the Os MLCT state, similar to that exhibited
for CuRu, where MMCT occurred on the timescale of 10s of
picoseconds.> For CuRu and CuOs, elucidating MMCT path-
ways from OTA data is difficult due to the largely overlapping
signals from the MLCT states. CuRu exhibited a <100 ps decay
in the Ru MLCT state measured by XTA, limited by the time
resolution of the synchrotron source of the previous study.
Despite the previous experimental limitations, this process
correlated directly with a rise in the Cu(u) species, indicating
that the hole transferred from Ru(ur)* to Cu(r). While the driving
force for the analogous hole transfer from the MLCT state of the
Os center in CuOs is approximately the same as that for some of
the investigated CuRu complexes, there are no anticorrelated
time constants in the Cu and Os XTA kinetics. The lack of
anticorrelated dynamics suggests that no significant population
of an MMCT state is ever formed in the delay time window of the
experiment.

In tetrahedral Cu() complexes, including Cu bis-
phenanthrolines and the heteroleptic complex studied here,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the Cu MLCT lifetime is shortened by solute-solvent interactions,
particularly in coordinating solvents.** The CuRu complex that
exhibited MMCT** had methyl-substituents at the 3,6-tpphz
positions, which hindered solute-solvent interactions, resulting
in a >1 ns excited-state lifetime. However, the Cu(i) center in
CuOs has only H atoms at these positions, so it is prone to rapid
quenching by acetonitrile, resulting in a short Cu excited-state
lifetime and relaxation back to the ground state on or faster
than the time scale of MMCT. With 500 nm excitation, CuOs
exhibits a time constant 7, = 60 ps which is not observed with
625 nm excitation, or in any complex without a Cu center. This is
consistent with the ~50 ps time constant observed in the Cu K-
edge kinetics. That this component was observed only with
500 nm excitation, where a mixture of Cu and Os MLCT excitation
occurs, suggests that this corresponds to decay of the Cu MLCT
state. A lifetime of 60 ps is consistent with that observed for 2,9-
unsubstituted (mesPhen)Cu(1)-tpphz and (mesPhen)Cu(i)-tpphz-
Cu(r)(mesPhen) complexes in acetonitrile.*

There are two likely possibilities for the absence of MMCT in
CuOs. First, it is possible the MMCT is too slow to occur before
the Os excited state decays back to the ground state. Second, it is
possible that MMCT does occur, but only accumulates a small
population that is limited by the short Cu excited-state lifetime,
analogous to the mixed Cu-tpphz-Cu complex with methyl
substituents near one Cu and H substituents near the second
Cu (CuH,-CuMe, from ref. 24). It is difficult to determine which
of these two scenarios occurs, but given the similar redox
properties to the CuRu and mixed Cu-tpphz-Cu complexes, it
seems likely that the Cu center relaxes too quickly for the MMCT
process to be observed spectroscopically in CuOs.

Concerted vibrational motions in Cu and Os MLCT states

Excited-state vibrational coherences have been observed in
copper bis-phenanthroline complexes, with the observed
Raman features corresponding to low frequency normal modes
involving the typical structural relaxation that occurs in the
excited state, namely Cu-N bond contraction and pseudo Jahn-
Teller flattening distortion.”*>** As discussed above, ISRS
measurements reveal low frequency vibrational modes of 50,
240, and 430 cm ™. Normal mode analysis on the ground-state
potential energy surface indicates that these features likely
correspond to similar structural relaxation processes, specifi-
cally M-N bond contraction for the 50 and 240 cm™ " features
and contraction of the aromatic core of the phenanthroline
moieties in the tpphz bridging ligand for 430 cm™" (Fig. S17-
$19%). The 430 cm ™' mode is comparable to that observed in
a similar Ru-tpphz-Pd complex.”* Additionally, the M-N bond
contraction modes are delocalized across the entire molecule
and involve in-phase M-N contraction at both the Cu and Os
centers. While only one of the two metal centers is formally
excited with absorption of a single photon, the nature of these
normal modes suggests that the two metal centers undergo
correlated dynamics in the first 1-2 ps driven by delocalized
vibrations coupled to the distinct Cu and Os MLCT transitions.
Since vibrational coherence was not observed when using the
640 nm pump, it is possible that the vibrational modes detected
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optically (Fig. 3) specifically reflect Cu-centered structural
distortions (e.g. phen rocking or flattening motions). Alterna-
tively, the Cu MLCT state may act as a reporter for the delo-
calized M-N contraction modes where the Cu-N bonds and Os-
N bonds oscillate with the same frequency.

The OTA measurements of Os, OsOs, and CuOs all exhibited
drastically different excited-state lifetimes, varying over two
orders of magnitude. Because the longest observed transient
signal corresponds to the Os *MLCT state, this suggest that
communication between the Os center and the metal opposite it
(if present) greatly affects the Os excited-state decay. The XTA
kinetics exhibit a comparable, biphasic rise observed at both
the Cu K- and Os Ly-edges, further suggesting that the metal
center dynamics are intertwined. Both a response-limited and
an ~400 fs rise time are observed in the XTA kinetics at both
metal centers. The response-limited rise reflects the oxidation
of the metal centers upon MLCT excitation, manifesting as
a blue shift at the Cu K- and Os Ly-edges, as well as the growth
of a t,, feature in the latter. As the 400 fs component is not
observed in the OTA, it reflects changes centered on the metals
themselves. Effective oxidation of the metal centers by MLCT
excitation will result in changes in metal-ligand bond distance,
as demonstrated in previous ps-resolution XTA measurements
on Cu,* and Os,* and the 400 fs rise time is tentatively assigned
as such bond contraction.

Generally speaking, the rise times observed in XTA that are
associated with specific structural changes are equal to the half-
periods of the normal modes most related to the structural
change occurring in the photoexcited states. In XTA measure-
ments on [Cu(dmp),]’, an ~170 fs rise time and corresponding
vibrational wavepackets with ~100 cm™' frequency were
observed on the Cu K rising edge and assigned to Cu-N bond
contraction.” While pseudo Jahn-Teller distortions are also
prominent following MLCT photoexcitation, such effects are
only clearly observed at the Cu K pre-edge and not on the rising
edge as was measured here." In another previous ultrafast XTA
measurement, we demonstrated that the excited-state rise time
was dependent on the substituents of the ligands, increasing by
a factor of three when heavy sulfonate groups were appended on
the phenanthroline ligands, which lower the frequency of the
Cu-N vibrational modes.*

As stated above, the vibrational modes observed in the ISRS
measurements involve metal-ligand bond contraction, as well
as distortions in the bridging tpphz ligand. In particular, the 50
and 240 cm ™' modes likely represent correlated, in-phase Cu-N
and Os-N bond contraction. Both the Cu K-edge and Os Ly~
edge XTA kinetics exhibit coherent oscillations consistent with
the 50 cm ™" mode observed in the ISRS spectra (Fig. 6a). The Cu
and Os oscillations are in-phase (Fig. 5b), consistent with the in-
phase metal-ligand contraction predicted in the DFT vibra-
tional mode (Fig. 6b). This vibrational mode, along with the 400
fs rise time observed at each edge, suggest highly correlated Cu
and Os dynamics at the earliest times following photoexcita-
tion; the ~25-30 cm ™" linewidths observed in the ISRS spectra
are consistent with the wavepacket dephasing with a time
constant of 400 fs, further indicating that the 400 fs rise
corresponds to metal-ligand bond contraction. It is worth
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noting that the 50 cm ™ vibrational mode also consists of tpphz
breathing distortions, possibly due to the localization of the
MLCT electron on the bridging ligand in the LUMO and
LUMO+1. The highly conjugated tpphz ligand serves the role of
coupling the two metal centers and tuning the formation of the
Cu and Os MLCT states in CuOs. This suggests that coupling
metal centers via highly conjugated organic linkers is an avenue
for coherent control in complexes containing two or more
transition metal centers. These effects may play a major role in
biological systems involving multiple transition metals and
further investigation is vital towards the rational design of
effective transition-metal-based photocatalysts.

Conclusions

Ultrafast electronic and structural dynamics of tpphz-bridged
Cu(1)/Os(n) complexes were captured by OTA and XTA
measurements during the formation and initial decay of the
MLCT states of the two metal centers. Despite favorable redox
potentials for the hole transfer from the MLCT state Os(u)*-to-
Cu(1), no such process was detected. However, the Os MLCT
lifetime exhibited dependence on the identity of the opposite
metal center, ranging from >10 ns with no metal present to ~0.3
ns with a second Os center, suggesting metal-metal coupling in
the excited state. XTA measurements show that the MLCT
transitions of both Cu(r) and Os(u) centers yields almost the
same ~400 fs rise time, suggesting a correlation between the
dynamics of the two metal centers. Furthermore, in-phase
vibrational coherence is also evidenced in the time evolution
of the XTA signals at both the Cu K- and Os L;;-edges, consistent
with oscillations near 50 cm™' as detected from the ISRS
measurements. Similar frequency modes from the normal
mode analysis were identified as delocalized vibrations across
the tpphz ligand, which coherently controls the metal-metal
electronic interactions. These results reveal that metal-metal
interactions can be modulated via the bridging ligand over
a relatively long distance, and suggests an opportunity to
control electronic coupling between metal centers, and thus the
excited-state pathways, through judicious choice of the bridging
groups.
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