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Abstract

Bimetallic electron donor-acceptor complexes can facilitate electron and energy
transfer with excellent structural control through synthetic design. In this work, we
investigate the photochemical dynamics in a Ru-Cu bimetallic complex after photoex-
citation of the Ru-centered charge transfer state. The physical underpinnings of the
metal-to-metal directional charge transfer process are unraveled via analyses of the
quantum electronic dynamics and electron-nuclear trajectories. The effects of molec-
ular vibrations in the photoexcited state on the charge transfer processes are also

analyzed.



1 Introduction

Inspired by molecules in natural photosynthesis, much attention has focused on the rational
design of molecular complexes with multiple transition metal centers. Bimetallic electron
donor-acceptor complexes are the simplest among them and are ideal molecular architectures
for incorporating building blocks of transition metal chromophores. Tetrapyrido[3,2-a:2’,3'-
c:3",2'-h:2"" 3" -j|phenazine (tpphz, Figure 1) has been used as the bridging ligand in the
design and synthesis of bimetallic complexes, since the extended 7 system can potentially
facilitate electron and energy transfer between metal centers. 12 The excited state dynamics of
polypyridyl dinuclear complexes with a tpphz bridging ligand have been extensively studied.
Flamigni et al. studied a Ru(II)-Ru(II) dinuclear complex bridged by tpphz and revealed
that there is an excited state interconversion between two metal-to-ligand charge transfer
(MLCT) states.® Chiorboli and coworkers investigated the photophysical properties and
solvent-dependent excited state decay dynamics of homo- and heterodinuclear complexes
with Ru and Os centers.®® The ultrafast intramolecular electron transfer in a Ru(IT)-Co(III)

complex has been studied using transient optical and X-ray spectroscopies.%®

N

Figure 1. Structure of the tetrapyrido[3,2-a:2’,3'-c:3"”,2'-h:2"" 3"""-j]phenazine
(tpphz) ligand.

The synthetic strategy of CtHETPHEN (Cu(I) heteroleptic bis(1,10-phenanthroline))
has been used extensively in recent years because it provides exquisite structural control

in the assembly of heteroleptic (and thus multi-functional) complexes with earth-abundant



copper.®* Combining the idea of using tpphz as a bridging ligand and the CuHETPHEN
strategy, Hayes et al. synthesized a group of mononuclear and homo- and heterodinuclear
complexes with Cu and/or Ru centers. Experimental studies using optical and X-ray tran-
sient absorption spectroscopy suggest that the bridging ligand in such bimetallic complexes
plays an important role in the directional photoexcited charge transfer in addition to the
redox properties of the metal centers.®!® This observation provides an important rational
design principle for steering photochemical processes in bimetallic electron donor-acceptor
complexes. Understanding the dynamics of photochemical processes and the interplay be-
tween ligands and metal centers is key to engineering high-efficiency solar cells and photocat-
alysts. 8 Theory and computation, especially modern time-dependent quantum electronic
dynamics, as complementary tools to spectroscopic probes, can provide atto- to femtosecond-
resolved physical insights into the electronic and structural characteristics underlying exper-
imental observations. %29

In this work, we provide quantum mechanical insights into the ultrafast electronic and vi-
brational dynamics that underpin the directional photoexcited charge transfer in a bimetallic
electron donor—bridge-acceptor complex. We seek to understand how the bridge and other

metal-bound ligands modulate the excited state dynamics that results in the highly efficient

directional charge transfer event.

2 Methodology

2.1 Real-Time Time-dependent Density Functional Theory and

Ehrenfest Dynamics

In ultrafast photochemical dynamics, electronic degrees of freedom are in the non-equilibrium
condition. Simulating such photochemical processes requires treatments of electronic co-
herence as well as non-equilibrium non-adiabatic energy transfer pathways.®?° The high

density-of-excited-states nature of the molecular systems of interest makes Ehrenfest dynam-



ics an ideal approach to simulate quantum dynamics within the time-dependent Schrodinger
equation framework. In this work, we carried out ab initio on-the-fly Ehrenfest dynamics
in the atomic orbital basis?'2¢ to simulate the ultrafast electron-hole dynamics and their
interplay with molecular vibrations.

As the ab initio Ehrenfest dynamics method has been previously developed and applied
to modeling various ultrafast excited state electron-nuclear dynamics, we provide only a
brief review of it here. We refer readers to recent reviews!'%?% for theoretical details. In ab
initio Ehrenfest dynamics, the electronic degrees of freedom are explicitly propagated with
real-time time-dependent density functional theory (RT-TDDFT). The electron-nuclear in-
teractions responsible for the electronically non-adiabatic time evolution are modeled with
the Ehrenfest technique, which propagates the nuclei on the time-evolving electronic poten-
tial.

The Ehrenfest dynamics scheme employed in this work takes advantage of an efficient
triple-split operator integrator.?! These different time steps reflect the characteristic timescales
of the three different molecular equations-of-motion: nuclear motion driven by the velocity-
Verlet algorithm with a time-step of Aty, the evolving time-dependent Kohn-Sham Hamilto-
nian with a time-step of Aty., and a unitary transformation RT-TDDFT used to propagate

the electronic degrees of freedom with a time-step of At..

2.2 Initial Condition and Population Analysis

The photochemical dynamics start from the photoexcited MLCT state. A linear response
TDDFT calculation suggests that the metal-to-ligand charge transfer transition involves
several ligand orbitals. To facilitate the population analysis and prepare the initially pho-
toexcited MLCT state, canonical orbitals are transformed to the natural transition orbitals
(NTOs).2"?8 The total number of electrons is conserved in the process because the NTO
transformation is unitary. In the NTO description, the MLCT excitation becomes a one-

electron transition between orbitals. Therefore, the initial density at ¢ = 0 fs is prepared by



promoting one electron from the highest occupied to the lowest unoccupied NTO, resulting
a density matrix in the NTO basis. All occupied NTOs are used in constructing the one-
electron density matrix and all NTOs are used in the population projection analysis. The
NTO density matrix is transformed into the atomic orbital basis to initialize the quantum
electron and electron-nuclear dynamics.

The on-the-fly population analysis is also carried out in the NTO basis. The time-
dependent electron density matrix P(¢) is projected to the ground state NTOs C; computed

at t = 0 and the occupation number of the i-th NTO is calculated as:

ni(t) = Ci(0)P(£)C,(0). (1)

Note that population projection to the ¢ = 0 ground state NTO space is valid only when

the molecular geometry does not change in time.

3 Results and Discussion

All calculations were performed using a developmental version of the Gaussian software
package.? The geometry of the bpy-Ru-tpphz-Cu-dmesp molecule (CuH,-RuH, for short,
Figure 2) molecule was optimized using the M06 functional® including Grimme’s D3 dis-

31 The ultrafine grid option is used for the DFT numerical integration in the linear

persion.
response TDDFT calculations. For quantum dynamics simulations, the fine grid option is
employed. The LANL2DZ ECP basis®? for Cu and Ru and SBJKC-VDZ basis®*3* for light
atoms were used in the geometry optimization. The Ehrenfest quantum dynamics calcula-
tions were performed using the same functional and basis sets. These basis sets were chosen
because they reproduce important characteristics of the molecular geometry and UV-Vis
spectrum calculated using a larger basis set but with a much lower computational cost for

quantum dynamics (see Figure S1 and S2 in the SI). The step size of electronic dynamics is

set to 0.0012 fs. The time steps in Ehrenfest dynamics are: Aty = 0.15 fs, Aty = 0.015 fs,



and At, = 0.0015 fs, according to the triple-split operator scheme.?! Both dynamics were

simulated for ~200 fs.
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Figure 2. Structure of the bpy-Ru-tpphz-Cu-dmesp (CuHs-RuHs for short)
molecule. The 2,2"-bipyridine (bpy) ligands are shown in purple; the
tetrapyrido[3,2-a:2’,3/-¢:3"”,2’-h:2""" 3"""-j|phenazine (tpphz) bridge is shown in red;
and the 2,9-dimesityl-1,10-phenanthroline (dmesp) ligand is shown in yellow.

3.1 Ground State Geometry and UV-Vis Spectrum

The optimized geometry of the CuH,-RuH, bimetallic molecule is shown in Figure 2. The
Ru atom bonds to two 2,2"-bipyridine (bpy) ligands and one side of the tpphz ligand. The Cu
atom bonds to the 2,9-dimesityl-1,10-phenanthroline (dmesp) ligand and the other side of the
tpphz ligand. To simplify notations, the molecule can be grouped into five parts: bpy-Ru-
tpphz-Cu-dmesp. On the Cu-side of the structure, the two mesityl groups of the dmesp ligand
are almost parallel to the tpphz ligand, suggesting strong m—m interaction between ligand and
bridge, similar to the “pac-man” motif in other Cu(I)-centered HETPHEN complexes. 1%:3%:36
The methyl substituents at 2,6-positions of the aryl groups prevent the dmesp ligand from
rotating, resulting in a stable m — 7 interaction. The bridging ligand remains in a flat
configuration that provides an ideal pathway for electron transfer.

The UV-Vis spectrum of CuHy-RuH, computed using linear response TDDFT is shown



t,' where there

in Figure 3. The overall spectrum agrees with the experimental measuremen
is a broad feature in the 600-400 nm range (1.9~3.1 eV). This low-energy band consists of
MLCT transitions centered around the two metal sites. The lowest energy transitions all
originate from the Cu center (see inset for a representative NTO transition pair for a selected
Cu-centered MLCT excitation). While the excitations come from Cu 3d electrons, there is a
dense manifold of accepting ligand orbitals delocalized throughout nearby ligands that give
rise to the broad MLCT feature in the experimental spectrum. The Cu-center MLCT band
continues to ~480 nm (~2.6 eV), where we start to see overlapping contributions from the
Ru-centered MLCT excitations. The inset of Figure 3 shows the characteristics of a selected
Ru-centered MLCT excitation which has similar characteristics to the Cu-centered band
except with the electron excited from the Ru 4d orbitals.

In order to quantify the charge transfer characteristics, the molecular system is again di-
vided into five distinct groups as color-coded in Figure 2. Charge transfer matrix analysis3"3®
was carried out to quantify the amount of charge transfer between different molecular motifs.
Particularly, this approach allows us to characterize the roles of different ligands (e.g., tpphz,
bpy, or dmesp) in the MLCT excitation. Charge transfer strengths are shown in Figure 3
for the selected MLCT transitions. In the Cu MLCT states, the charge moves mostly from
Cu and nearby dmesp to the tpphz bridge ligand. For Ru-centered MLCT states, the charge
transfer event occurs from Ru-d orbital to both the tpphz bridge and nearby bpy ligands.
There is also significant inter-ligand charge transfer from the dmesp at the Cu site to the

tpphz bridge ligand, similar to that observed for the Cu MLCT states. This observation

highlights the long-range electronic coupling present in this system.

3.2 Quantum Electronic Dynamics

The spectral analysis above suggests that the tpphz bridging ligand plays an important role
in the charge transfer events at the two metal centers. Cu- and Ru-centered MLCT states

are coupled through the tpphz bridging ligand, which may provide an electron transfer
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Figure 3. Absorption spectrum of CuHs-RuHs computed using linear response

TDDFT. A Lorentzian broadening factor of 0.2 eV is used to plot the simulated

spectrum. The experimental spectrum is digitized from Ref. 15. Natural tran-

sition orbitals of selected MLCT excitations are displayed with charge transfer

matrix elements.
pathway between the two metal centers. In this section, we carry out quantum electronic
dynamics simulations to investigate the electron transfer pathways in the bpy-Ru-tpphz-Cu-
dmesp bimetallic complex. With the electron-nuclear Ehrenfest dynamics, we also study the
molecular structure change in the metal-to-metal charge transfer event.

The photochemical dynamics start from the Ru-center MLCT state prepared according
the procedure illustrated in the Methodology section. The Ru-center MLCT state is higher
in energy than the Cu-center MLCT level, giving rise to an energetically feasible metal-to-
metal charge transfer pathway. The photoexcited state arises from electronic transitions from
Ru-d orbitals to the bpy ligands accompanied by charge transfer from dmesp ligand at the Cu
site to the tpphz bridge (Figure 4A). After photoexcitation at t = 0 fs, the coherent electron-
hole recombination takes place within 50 fs, shown in Figure 4A. While the photoexcited hole

orbital repopulates to unity, the photoexcited electron does not deplete completely and still

has a significant population at t = 200 fs. Detailed analysis suggests that the photoexcited



hole receives additional electron populations from other occupied Ru-d orbitals, one of which
is shown in Figure 4B. These selected orbital population evolutions shown in Figure 4 carry
the important photophysics of interest. While there are some populations in other orbitals,
they are considered as electronic structure reorganization in response to the photochemical
processes.

The observation illustrated above from electronic dynamic simulations suggests that the
photoexcited electron at the tpphz bridge can be persistent. This is because the photoexcited
hole is filled quickly by electron transfer from other Ru-d electrons. These faster dynamics
prevent a complete electron-hole recombination and therefore lead to a long-lived electron
population at the tpphz bridge site and a significant population in the Ru-centered MLCT
state. Figure 5 plots the electron density difference snapshots as a function of time (¢ = 0,
50, and 200 fs) following excitation. It is clear to see there is a significant electron density

residing at the tpphz bridge site even at 200 fs.
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Figure 4. Time evolution of selected orbital populations after photoexcitation
at t = 0 fs. Natural transition orbital (NTO) population analysis is carried
out according to the procedure described in the Methodology section. NTOs are
shown as insets. (A) Populations of the photoexcited electron (solid line) and hole
(dashed line). (B) Population of a Ru-d orbital that transfers electron population
to the photoexcited hole.



Figure 5. Electron density difference plots at ¢ = 0, 50, and 200 fs. Elec-
tron density difference is computed as AP(t) = P(t) — Po(0) where P(¢) is the
time-dependent density matrix and Pg(0) is the ground state densitry matrix at
t = 0 fs. An isovalue of 0.0004 is used. The blue/yellow color indicates an in-
creased/decreased electron density compared to the ground state at ¢ = 0 fs.

3.3 Electron-Nuclear Ehrenfest Dynamics

The dynamics discussed above describe the main electronic characteristics underlying the
photoinduced charge transfer event in the bimetallic molecular complex. However, in the
absence of nuclear dynamics, photochemical processes are reversible — a scenario that does
not sustain directional metal-to-metal charge transfer. In order to understand the interplay
between electronic and vibrational degrees of freedom during the charge transfer event and
identify key molecular vibrations underlying the directional metal-to-metal charge transfer,
we carried out electron-nuclear Ehrenfest dynamics starting from the the same Ru-centered

MLCT state. The initial molecular structure is taken as the ground state minimum and

10



will evolve according to the classical equation of motion on the RT-TDDFT potential energy
surface.

Figure 6 shows the geometric changes compared to the initial ground state minimum.
Noticeable changes are observed at 30 fs following the photoexcitation. For example, a small
opening-closing motion of the mesityl ligands at the Cu site starts to occur. This vibrational
motion changes the distance between the mesityl groups and the bridge by +0.003-0.005A.
In addition, a small out-of-plane vibration of the tpphz bridge ligand is observed with a
~3.5° bending. At around 120 fs, which is the onset of the metal-to-metal electron transfer
(MMET, see below) from Cu to Ru, a small rotation of the tpphz ligand along the Cu-Ru
axis occurs, indicating a change of dominant vibrational mode. This mode is persistent until
the end of our simulation. The rotation of the tpphz ligand can lead to a change of the
dihedral angle between the tpphz and the backbone of the dmesp ligand, which is a key
geometric feature of Cu(I) excitation. These small geometric changes identified in Figure 6
are possible vibrational driving forces underlying the direction metal-to-metal charge transfer
event.

Figure 7 shows the time evolution of charge differences at the Ru, Cu, and tpphz bridge
sites computed using the time-dependent densities from the electron-nuclear Ehrenfest dy-
namics. The charge difference is computed using time-dependent Mulliken population anal-
ysis with respect to the ground state at ¢ < 0 fs. To better understand the charge transfer
pathway, the charge evolutions of the Cu and Ru sides of the tpphz ligand are separately
plotted.

Upon photoexcitation at ¢ = 0 fs, both sides of the tpphz bridging ligand gain electron
population from Ru-centered MLCT excitation. This analysis agrees with the charge transfer
matrix elements shown in Figure 3. In the first ~150 fs, two distinct oscillatory charge
transfer events are observed, identified by their relative time-evolution phases: fast transfer
between the Ru-sided tpphz and Cu-sided tpphz ligand, and slow transfer between Ru-d

and Cu-d manifolds. The former is a clear signature of bridge-mediated electron transfer

11



(A)

Figure 6. Geometric changes compared to the initial ground state structure.

(A) Geometries at 30 fs, 80 fs, and 120 fs. The lime-colored molecule is the initial

geometry and the cyan-colored are the geometry snapshots from the Ehrenfest

dynamics. (B) The distance between the mesityl groups and the bridge is mea-

sured as the center of the benzene units of the mesityl group (red star) and the

tpphz bridge (black triangle).
and the latter can be viewed as direct hole transfer between the metal centers. These
two ultrafast charge transfer events are mostly correlated with the closing motion of the

mesityl ligands at the Cu site and the rotational motion of the tpphz bridge (see Figure 6).

Figure 8 shows the proposed mechanism underlying the observed photochemical process.

12



After the photoexcitation to the Ru-centered MLCT state, there are concerted electron and
hole transfer events taking place between the Ru-centered and Cu-centered MLCT states,
giving rise to the characteristic metal-to-metal charge transfer process.

To confirm that these small geometric changes identified in Figure 6 are correlated with
direction metal-to-metal charge transfer event, the Mulliken charge differences are Fourier
transformed into the frequency domain and the possible vibrational modes that modulate
the charge evolutions are shown in Figure 9. Fourier transform of the charge evolution shows
that the dominant low frequencies are in the 600 to 900 cm~! range. Analysis of the ground
state vibrations identifies several modes that may be responsible for the charge evolution
modulation. The 748 cm~! and 796 cm~! vibrational modes correspond to Ru-centered
bpy twisting motion which gives rise to the out-of-plane rotation of the Ru-sided tpphz
ligand. The 703 cm™! vibrational mode corresponds to Cu-centered dmesp ligand motion
(see Figure 6). The 846 cm™! mode is especially interesting because it correlates the motion
of Cu and Ru sites with the bridging tpphz ligand. The analysis presented here suggests

that the electron and hole transfers can be modulated by ligand motions.
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4 Conclusion

In this work, we have applied ab initio electron-nuclear dynamics to study the dynamical
interplay between two metal-centered charge transfer states in a bimetallic complex. The
photochemical dynamics were initiated by photoexcitation of the Ru-centered MLCT state.
Electronic dynamics show that although there is a fast partial electron-hole recombination,

the Ru-centered MLCT largely remains in its photoexcited state because the Ru-d reorga-
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nization prevents it from a complete coherent decay to the ground state. Electron-nuclear
Ehrenfest dynamics show that the molecular vibrations on the excited state lead to a small
rotational motion of the tpphz bridge and closing motion of the mesityl ligands. These vibra-
tional modes are seen to drive the metal-to-metal charge transfer event with both electron

and hole populations being transferred in a concerted dynamics.
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