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Abstract: The ambitious goal of artificial photosynthesis is to
develop active systems that mimic nature and use light to
split water into hydrogen and oxygen. Intramolecular design
concepts are particularly promising. Herein, we firstly present
an intramolecular photocatalyst integrating a perylene-based
light-harvesting moiety and a catalytic rhodium center

(Rh"phenPer). The excited-state dynamics were investigated
by means of steady-state and time-resolved absorption and
emission spectroscopy. The studies reveal that photoexcita-
tion of Rh"phenPer yields the formation of a charge-
separated intermediate, namely Rh"phenPer*", that results in
a catalytically active species in the presence of protons.

Introduction

Artificial photosynthesis aims to develop photocatalytic systems
for light-driven water splitting.! Promising structures are
molecular assemblies combining a light-harvesting and a redox-
active catalytic unit, which are chemically linked by a molecular
bridge.” Such molecularly defined systems offer the opportu-
nity for detailed, mechanistic investigations upon structural
modifications. From various studies, transition metal complexes,
that is, based on Ru", I, Os" or Re' emerged as efficient
photosensitizer building-bocks.”® However, to strive for sustain-
able photocatalysis it is mandatory to replace noble-metal
sensitizers by low-cost and easy to derivatize organic chromo-
phores such as oligothiophene™* and rylene®®” dyes.

Due to their electron-deficiency perylene monoimide (PMI)
and perylene diimides (PDI) often serve as sensitizers in
oxidative catalysis®'” but light-driven hydrogen evolution has
recently been described as well™ In addition, a few reports
exist focussing on the use of rylene chromophores in intra-
molecular dyads for light-driven reduction reactions. For
instance, Wasielewski et al."*" studied the impact of PMI and

PDI as well as naphthalene-imide chromophores coupled to Re'
and Mn'-based carbon dioxide reduction catalysts. Peneva et al.
described the integration of an [FeFe]-hydrogenase cluster into
perylene based photosensitizers.""

Here, we present the synthesis and spectroscopic studies of
a novel photocatalyst dyad employing a perylene (Per) photo-
sensitizer (phenPer = 5-(perylen-3-yl)-1,10-phenanthro-line) and
ac  RhCp* catalyst moiety, namely  Rh"phenPer
([(phenPer)Rh(Cp*)CIICI, see Figure 1). A number of previous
studies report on the incorporation of [(NAN)Rh(Cp*)CI]* units
(NAN=phen (1,10-phenanthroline) or bpy (2,2"-bipyridine)) in
heterogeneous or homogenous catalytic systems.“m} In con-
trast, only a few examples reveal intramolecular assemblies of
RhCp*, that is, with a Ru" polypyridine sensitizer"”'® or organic
chromophores."® However, an optimized linkage between the
Ru" polypyridine sensitizer and the RhCp* unit in some of these
investigated dinuclear assemblies even allowed to surpass the
rate of classical chemical catalysis at the Rh center when using
these systems under photocatalytic conditions.”” Consequently,
to unravel the light-induced processes in Rh"phenPer we
applied steady-state and transient absorption spectroscopy. In
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Figure 1. Extinction coefficients of Rh"phenPer (green) and phenPer (gold)
and emission spectrum of phenPer (scaled relative to the absorption
maximum) in acetonitrile. Structural formula of Rh"phenPer photocatalyst,
highlighting the phenPer ligand in gold. Charge density differences of two
selected optical transitions of Rh"phenPer (excitation occurs from yellow to
blue). The respective TD-DFT simulated vertical transition energies and
oscillator strengths are represented as green bars in the absorption
spectrum (see also Table S2).

addition, the principal applicability of Rh""phenPer as a thermal
and light-driven reduction catalyst for regioselective NAD™
(nicotinamide adenine dinucleotide) hydrogenation forming
NADH was investigated, guided by the question whether also in
the case of Rh"phenPer chemical catalysis can be surpassed by
a light-driven process.

Results and Discussion
Electrochemistry

To assist the interpretation of the photophysical properties,
cyclic voltammograms (CVs) of phenPer and Rh"phenPer were
collected. For solubility reasons the CV of phenPer is recorded
in dichloromethane (see Figures S8-S10 and Table S1), while
the CV of Rh"phenPer is monitored in acetonitrile. Generally,
the orbitals involved in the first oxidation (highest occupied
molecular orbital, HOMO) and reduction (lowest unoccupied
molecular orbital, LUMO) are the orbitals involved in the lowest
lying mmt* absorption. The CVs of Per® and phenPer show the
first oxidation at the Per-moiety (HOMO: m,-orbital) which is
manifested in reversible oxidation waves at 0.55V and 0.60 V
vs. Fc”*, respectively. Also, the first reduction of both
chromophores occurs at the Per-moiety (LUMO: mt*;-orbital)
showing a reversible reduction wave at —2.17 and —2.15V vs.
Fc”*, respectively.?"

The CV of Rh"phenPer shows an oxidation wave at 0.52V
vs. F¢”*, which can be ascribed to the Per unit by comparison
to Per and phenPer. In contrast to the phenPer ligand, this
process is quasi-reversible, which presumably stems from an
overlay of a reversible m,-centered oxidation with an irrever-
sible oxidation of the chloride ions in solution."’?? This
oxidation wave is cathodically shifted with respect to phenPer,
indicating a destabilization of the m,.-orbitals in Rh"phenPer
compared to phenPer.
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The CV of Rh"phenPer reveals two quasi-reversible (—1.19
and —2.06 V vs. Fc”") and three irreversible (—2.52, —2.65 and
—2.77 V vs. Fc” ") reduction peaks (see Figure $9). The individual
reductions are localized on the Rh-ion (d-orbital) as well as on
the phen- and Per-moiety (rt*-orbitals) of the phenPer ligand.
In contrast to phenPer, the LUMO of Rh"phenPer is a Rh
d-orbital. Thus, the first reduction (—1.19 V vs. Fc”") is ascribed
to a Rh-centered reduction, which is a two-electron Rh"
process accompanied by a loss of the chlorido ligand ultimately
forming [(phenPer)Rh'(Cp*)] (Rh'phenPer).!"”

The second reduction at —2.06 V vs. Fc”* is associated with
the Per-moiety (1t*p.-orbital). This reduction is anodically shifted
with respect to Per and phenPer, due to the increased electron
density, that is, the coordination of the Rh' ion. At more
cathodic potentials between —2.5 and —2.8V vs. Fc”*, the
phen- and Per-moiety are reduced irreversibly.

Ground state absorption and emission properties

It is essential to understand the nature of the initially excited
states to rationalize the photochemical processes underlying
light-driven catalysis. Figure 1 shows the ground state absorp-
tion spectra of phenPer and Rh"phenPer in acetonitrile.

The absorption spectrum of Rh"phenPer shows a strong
absorption band between 200 and 300 nm and a vibrationally
resolved absorption feature between 350 and 500 nm. By direct
comparison to the absorption of [(phen)Rh"(Cp*)CIICI (see
Figure S25), the absorption band centered at 320 nm is
assigned to MLCT and ntt* transitions on the phen sphere (see
S;, and S;; in Table S2). The visible absorption band of
Rh"phenPer shows maxima at 442nm  (2.80eV,
34x10°M'em™), 415nm (2.99¢eV), 390 nm (3.19eV) and
363 nm (3.42 eV) corresponding to Per-based (0,0), (0,1), (0,2)
and (0,3) S,—S, ma* transitions (see Figure $12).** Similar mm*
absorption bands are observed for phenPer (at 440 nm
(29%10*M'ecm™), 415nm, 393 nm and 373 nm) and Per
(maxima at 444 nm (3.2x10*M~'cm™"), 418 nm and 396 nm),?¥
indicating that the Per donor and Rh" acceptor group are
electronically decoupled in Rh"phenPer. This is supported by
DFT predicting a dihedral angle between the Per and phen
moiety of 80° (see Tables S2 and S3).

PhenPer shows vibrationally resolved emission between
430 and 550 nm (see Figure 1) originating from the S;—S,
transition on the Per unit (see Figure 513).** The features of
phenPer are red-shifted (by 0.1 eV) compared to Per, due to the
m-extension by the phen-unit (see CDDs in Table S3). The
charge-transfer character of the S; state in phenPer also
reduces the fluorescence quantum yield in phenPer (53 %) with
respect to Per (98%).”' Upon coordination of Rh" to phenPer
the perylene emission is quenched entirely, hinting to excited-
state electron transfer towards the metal center. This is
consistent with previous findings on Ru"Rh" molecular dyads or
polymeric Rh" architectures."”'® Likewise, addition of the
sacrificial electron donor triethylamine (TEA) quenches the
emission of phenPer (dynamic and static quenching, Stern-
Volmer constants of 10°M™2 (I,/) and 25M™" (1,/1), see
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Figure S16). Hence, phenPer is capable of being photochemi-
cally reduced.

Photoinduced dynamics

To characterize the ultrafast photoinduced processes, femto-
second transient absorption (fs-TA) spectra of Rh"phenPer and
phenPer were collected upon excitation at 400 nm (see
Figures 2, S17 and S18) in acetonitrile and toluene, respectively.
The impact of the solvent polarity (acetonitrile: £€=37.5 and
toluene: €=2.4) on the ultrafast processes was probed, to
resolve the contributions of excited mzt* and charge-separated
states. The discussion starts with the TA data of phenPer,
recorded as benchmark, and subsequently turns to the
respective Rh-complex.

The TA spectra of phenPer in toluene closely resemble
them of Per®”, showing strong excited state absorption (ESA)
centered at 725 nm (Per-centered mwt* transitions”’) accompa-
nied by ground state bleach (GSB) at 435 nm and stimulated
emission (SE) features at 474 and 515 nm (see Figure 517).125*"
The agreement of the data derived here with data reported for
Per and derived systems®*??% points to a photoinduced
dynamics that primarily involves the Per-moiety of phenPer.
Also, the TA spectra of phenPer in acetonitrile show the (GSB,
SE and ESA) features typically observed for Per. However, the
ESA band in acetonitrile (4,,,,=706 nm, FWHM=0.25¢eV) is
blue-shifted and spectrally broadened compared to that in
toluene (A,,.,=725 nm, FWHM=0.12 eV). In addition, the ratio
between the GSB to SE signals is higher in acetonitrile (circa 2.0)
than toluene (circa 1.2). We associate this with the population
of a charge transfer state in acetonitrile, where the excess
electron density is delocalized on the phen- and Per-moiety of
phenPer. This seems plausible, since such a (polar) charge-
transfer state is energetically more stabilized in acetonitrile than
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Figure 2. a) Transient absorption and b) decay associated spectra of
Rh"phenPer in acetonitrile upon 400 nm excitation. For reasons of
comparability the scaled long-lived TA spectrum of phenPer (lifetime of
2.1 ns) collected at 400 nm excitation (excitation density of circa 5%) in
acetonitrile is depicted in gold (a). The scaled inverted ground state
absorption spectrum is shown in panel b (filled, green curve).
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in toluene. With respect to the TA signals in toluene, the
population of a charge transfer state causes the rise of
additional ESA features (e.g., phen-centered nm*) and the
decrease of SE from the Per-centered stmt* sphere in acetonitrile.

Global kinetic analysis of the TA data in acetonitrile and
toluene reveals three characteristic time-constants describing
the decay of the signals, namely, 7,=(0.5+0.1)ps,
7,=(1114+40)ps and 17;=(3.1+0.1)ns in toluene, and
7,=(1.7£0.3)ps, 7,=(68+5)ps and 73=(29+0.2)ns in
acetonitrile (see Figure S17). In agreement with literature
reports on Per, we associate 7, with the population of the S,
state via internal conversion and vibrational cooling,®” which is
centered on the Per-moiety in toluene and delocalized on the
phenPer chromophore in acetonitrile. Subsequently, the system
relaxes back to the ground state with 753 ns, which agrees
with the emission lifetime of phenPer in acetonitrile
(Tem=2.9 ns, see Figure S15). The decrease of the excited state
lifetime compared to Per (circa 4 ns®?) can be rationalized by
the presence of additional deactivation-channels in phenPer
(e.g., rotation around the bond between the phen and Per
unit), which we associate with 7,.

The TA spectrum of Rh"phenPer recorded at a pump-probe
delay of 0.5 ps in toluene or acetonitrile shows the characteristic
S,—S, ma* absorption of *Per between 700 and 730 nm.?”
These features are accompanied by GSB at 435 nm and SE at
475 nm. This indicates the population of states with excess
electron density on the Per- (toluene) or phenPer-moiety
(acetonitrile), in accordance with the findings for phenPer.
However, the initial TA spectrum of Rh"phenPer (At=0.5 ps)
additionally reveals ESA centered at 540 nm (see Figure 2),
which is typically associated with a Per-centered radical cation
(Per**).B*3% Since, this ESA dominates the TA signals in
acetonitrile but is less-pronounced in toluene compared to the
*Per ESA (see Figure S18), the 540 nm feature hints to the
population of a charge-separated state (see Figures 2 and S18).
We associate the existence of both, *Per and Per** signatures
in the initial TA spectrum with the excitation of different
conformers, assuming conformational isomer-dependent oscil-
lator strengths for wtw* and ILCT transitions.

In toluene, the 540 nm signals, which are associated with a
charge-separated species (Rh"phen®Per*™), vanish within 40 ps
after optical excitation. The resulting spectrum of the long-lived
species closely resembles the one of the phenPer ligand (cf.
solid, black lines in Figures S17b and S18b), indicating the
formation of a Per-centered state. Global analysis yields three
characteristic ~ time-constants  in  toluene, that s,
7,=(2.3+£0.7) ps, 7,=(401+9) ps and 7;=(4.8 +0.1) ns. We asso-
ciate 7, with vibrational cooling populating the lowest-lying
Ttt*p,, and ILCT states. With 7, the ILCT state decays back to the
ground state, which is reflected in partial GSB recovery and the
decay of the 540 nm signals. The so formed Per-centered mm*
state non-radiatively decays back to the ground state with 7,
(see model sketch in Figure S18).

Global lifetime analysis of the TA signals of Rh"phenPer in
acetonitrile yields 7,=(0.6£0.1) ps, 7,=(6.9+2.5) ps,
7;=(2804150) ps and 7,=(47 +20) ps (see Figures 2 and S18).
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The respective target model (used in the optimization routine)
is shown in Figure 3.

Within the first 0.6 ps (7;,=0.6+0.1 ps) the characteristic
*Per ESA and *Per SE at around 475 nm vanish, accompanied
by the rise of ESA at around 480 nm (plateau). We ascribe the
latter ESA to mtm* transitions on a formally reduced phen-moiety
(phen*").*3” Such a fast (<1 ps) charge separation can be
rationalized by the comparably high excited state oxidation
potential E(Per**/*Per) of Per (—2.27 V) and phenPer (-2.13 V),
respectively (see Figure S11 and Table S1). Consistent with our
findings, literature reports similar rates (0.1 up to 1.5 ps) for the
formation of a rylene radical cation® or anion®® in PDI
substituted systems.

The phen-centered intra-ligand charge-separated state
decays via ligand-to-metal charge transfer (LMCT) with
7,=6.942.5 ps forming the fully charge-separated (CS) species
[(phenPer**)Rh"(Cp*)CI]". This is reflected in the decay of ESA
at around 480 nm (mm*,.," ). The CS species decays with
280+ 150 ps (z3). In parallel to the charge-transfer cascade, the
remaining fraction of the population of the ILCT state relaxes
back to the ground state with 7,=47 420 ps (see Figure 3).

The decreased excited state lifetime of Rh"phenPer (re-
duced by a factor of 8 compared to phenPer), further
corroborates charge transfer from the Per moiety towards the
Rh center. This is also reflected in the emission quenching upon
coordination of phenPer to Rh" (see Figure S14). In comparison
to hybrid rylene imide transition metal complex architectures
reported earlier, that show charge recombination of their
radical anions"” or cations®® on the sub-100 ps timescale, the
herein studied [(phenPer**)Rh'(Cp*)Cl]™ reveals an enhanced
CS state lifetime. In contrast, the CS state of the structurally
related, dinuclear transition metal complex [(tbbpy),Ru-
(tpphz)Rh(Cp*)CIP*  (Ru"-tpphz-Rh", tpphz: tetrapyrido[3,2-
a:2',3-c:3",2"-h:2"",3""-jlphenazine, tbbpy: 4,4'-di-tert-butyl-2,2'-
bipyridine) is long-lived (>2 ns"®) compared to the CS state of
Rh"phenPer, which can be rationalized by the comparably
short charge separation distance in the latter.

conformational
> .
isomers

T1 = 0.6 0.1 ps
h 4

O
o
So

Figure 3. The Jablonski diagram shows the excited state dynamics of
Rh"phenPer upon photoexcitation at 400 nm in acetonitrile. The colours in
the ground-state structure indicate the origin of the of the optically
accessible wzt* and ILCT states (yellow). The excess electron density in the
excited states is highlighted in green.
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Formation of the catalytically active species and redox
catalysis

The formation of a two-fold reduced Rh' species is key to the
overall performance of the Rh"-catalysts."”'® To get insights
into the reductive catalyst activation, the two-fold reduced
catalyst (Rh'phenPer) was selectively generated via the three
following pathways: i) chemical reduction of the Rh" center by
a formate-driven thermal reaction® (see Figure S19), ii) electro-
chemical reduction (see Figure S25), and iii) photochemical
reduction upon LED-illumination in the presence of triethyl-
amine (TEA) as sacrificial electron donor (see Figure S21). The
in situ spectra obtained via those three methods are qualita-
tively identical (see Figure S25) and indicate the formation of
Rh'phenPer. This is revealed in the rise of a characteristic
absorption band at 695 nm, which is assigned to Rh'—phen
MLCT transitions.['84%

To evaluate the capability of Rh'phenPer to drive the
hydrogenation of NAD',“" the increase in absorbance at
340 nm associated with m* transitions of NADH, was moni-
tored in situ.*? Those studies reveal the successful reduction of
NAD* to NADH at a constant turnover frequency (see
Figures S26-S30). The chemical reduction, i.e., formate-driven
activation of the catalyst serves as a well-understood bench-
mark for evaluation of a catalytically competent Rh(Cp¥)
sphere."” In this setting, a turnover number of circa 30 (75%
conversion) is obtained during an overall reaction time of
70 minutes at 40°C which is about three times lower at room
temperature (see Figures S26 and S27).

In addition, Rh"phenPer shows light-driven catalytic activ-
ity. Upon 70 minutes of LED illumination at 400 nm
(14 mWcm™) or 470 nm (45 mWcm™), respectively, an average
turnover number of circa 4 (10% conversion) is found at room
temperature (see Figures4 and S28-S30). Increasing the
temperature to 40°C yields a TON of 4 or 7 upon illumination at
400 or 470 nm for 70 minutes, respectively. The absence of the
absorption band at ca. 695 nm during photoredox catalysis

b B

4
1 T
— LS
| 3=
8 2z ©
< o ~
i B = L
[ @]
'_

0 T mall

300 400 500 600 0 20 40 60
Aabs / nm ty / min

Figure 4. a) Normalized absorption spectrum of Rh"phenPer (green, 5 uM)
and upon LED-illumination at 470 nm (at room temperature for 70 minutes
in steps of 10 minutes) in water:acetonitrile mixture (4:1, v:v) in the presence
of phosphate-buffered (NaH,PO,, 0.1 M) triethylamine (TEA, 0.12 M) and
NAD™ (0.2 mM). The increase in absorbance at around 340 nm reflects the
catalytic conversion of NAD* to NADH, which is further reflected in b) the
turnover number (TON, A) and turnover frequency (TOF, O) as shown in
panel b.
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reveals that accumulation of non-protonated and thus hydride
transfer inactive Rh'phenPer does not occur. This was associ-
ated with the presence of NAD™ in the catalytic mixture which
seems to influence the subsequent protonation step as in
absence of NAD" the characteristic Rh'—phen MLCT transitions
are observed (see Figures S20 and S23). Thus, during photo-
catalysis, Rh'phenPer is efficiently protonated giving rise to the
hydride transfer active [(phenPer)Rh"(Cp*)H]"  species
(Rh"HphenPer) or its tautomerized form [(phenPer)Rh'(Cp*H)] ",
respectively.®**¥ |t should be noted that recent theoretical
studies of the hydride transfer onto NAD* revealed, that the
classical metal-hydride species rather than the thermodynami-
cally more stable tautomerized form is the active hydride
transfer reagent;*” during hydride transfer NAD ™ is arranged on
the Rh complex via w-n- and C=0-+-H—C interactions.

Consequently, the reason for the low catalytic activity of
RhphenPer under illumination is not associated with a slow
protonation step but rather with the relatively slow formation
of the fully reduced Rh' center (Rh'phenPer) in the solvent
mixture used for the photocatalytic experiments (Figure $23) as
after 10 min of irradiation only ca. 50% of all RhphenPer
molecules did form Rh'phenPer. We attribute this slow Rh'
formation under catalytic conditions to the rather short lifetime
of the CS state. The overall photocatalytic efficiency is therefore
very strongly affected by the apparent lower concentrations of
TEA which is in acid base equilibrium with TEAH™ because of
buffering with NaH,PO, to meet the pH needs for stabilizing
NAD™.

Conclusion

We demonstrate a noble-metal free catalytically active molec-
ular dyad using an organic photosensitizer (instead of transition
metal-based chromophore) linked to a [(NAN)Rh(Cp*)Cl] cata-
lyst. The resultant photocatalyst Rh"phenPer consists of an
organic Per-derived photosensitizing unit (phenPer) and a Rh"
catalytic center. Upon photoexcitation of Rh"phenPer charge is
unidirectionally shifted towards the Rh center, forming a
charge-separated species within circa 8 ps. In the absence of a
sacrificial donor this species decays with circa 300 ps back to
the ground state representing enhanced CS state lifetimes
compared to other rylene dye-based transition metal com-
plexes. In addition, RhphenPer could be used for formate-
driven as well as light-driven NAD* co-factor reduction forming
NADH with constant turnover frequencies. Compared to
transition metal complex-based assemblies, the charge separa-
tion leading to pre-active species is likely still too short lived to
enable higher light-driven catalytic activity. This needs to be
approached in ongoing studies. However, since the properties
of perylenes can be easily tuned by derivatization, increased
charge separation distances as well as adjusted electrochemical
and photophysical properties by incorporation of for example
PMI and PDI systems need to be focused.
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Experimental Section

The ligand phenPer was synthesized via Suzuki-Miyaura cross-
coupling of 5-bromo-1,10-phenanthroline and 4,4,5,5-tetramethyl-
2-(perylen-3-yl)-1,3,2-dioxaborolane™’ (yield: 72 %).“***? For purifica-
tion phenPer was re-crystallized in chloroform. The Rh" complex,
[(phenPer)Rh(Cp*)CIICI (Rh"phenPer) was synthesized by reaction
conditions adapted from literature."” Purification was performed
via size-exclusion chromatography. The compounds phenPer and
Rh"phenPer were fully characterized by 'H and *C NMR spectro-
scopy (see Figures S2-S5) as well as high-resolution mass spectrom-
etry (see Figures S6 and S7).

The catalytic reactions were analyzed with UVvis absorption and
emission spectroscopy. For thermal catalysis, 5 UM of the respective
substance, 50 mM NaHCO, and 200 uM NAD* in 1:4 mixtures of
acetonitrile and water were prepared in screw cap cuvettes. For
light-driven reduction experiments, 5 uM of the respective sub-
stance, 0.1 M triethylamine (TEA) in 1:4 mixtures of acetonitrile and
water were prepared in screw cap cuvettes. For light-driven
catalysis, 5 pM of the respective substance, 0.12 M TEA and 0.1 M
NaH,PO, and 200 uM NAD™* in 1:4 mixtures of acetonitrile and
water were prepared in screw cap cuvettes. After a zero-point
measurement, the cuvettes were transferred into a custom-made
reactor equipped with cooling and LED illumination (400 nm with
14mW cm™? 470 nm with 50mW cm™). After distinct time
intervals, measurements by UVvis and emission spectroscopy were
done.

The ultrafast transient absorption (fs-TA) spectra were collected
upon 400 nm excitation. The setup is based on a Ti:Sapphire laser
(Legend Elite, Coherent Inc.) yielding pulses centered at 795 nm
(pulse-duration: 100 fs, repetition rate: 1 kHz). The 400 nm pump
pulses were generated by second harmonic generation (BBO
crystal). Those pulses were focused on the sample (1 mm cuvette)
with an average intensity of 0.4 mW (gaussian beam profile of
400400 um). At the sample position the pump- and probe pulses
are temporally and spatially overlapped in magic angle config-
uration. White-light was used as probe pulses, which was generated
from the 795 nm fundamental laser pulses by focussing it on a
rotating CaF, plate. Those probe pulses were temporally delayed
with respect to the pump pulses by means of an optical delay stage
(maximum delay of 2 ns). The probe pulses are split into two trains,
namely a reference and probe path. Both pulses are focused on a
diode array, directly (reference) or after the pulses were focused on
the sample (probe). The probe pulses are recollimated and
spectrally dispersed by a prism and detected by a diode array
(Pascher Instruments AB, readout frequency of 1kHz). The fs-TA
data was analysed using the KIMoPAck tool.”” Prior to global
lifetime analysis the data was arrival-time corrected. The temporal
resolution was limited to 0.3 ps, to avoid strong contributions of
coherent artefacts to the signals.“®*” The pre-processed data was
analysed using a parallel compartmental model (independent, first
order decay employing three characteristic time-constants: AAbs=
>N, a;-exp(—k; - t). In this model, the three employed processes
are associated with the so-called decay associated spectra (DAS),
i.e., the exponential pre-factors (a). To model the additional
deactivation channel, a target analysis was performed using
KiMoPAck, whereby the model as sketched in Figure 3, i.e,
including an excited-state branching was employed. For both,
global and target lifetime analysis, the errors of the fitted
parameters (kinetic-rate constants) are obtained in a confidence
level of 95 %.

The quantum chemical calculations for investigating the structural
and electronic properties of phenPer and Rh"phenPer were
performed with the Gaussian 16 program.”® Initially, the angle
between the perylene (Per) and phenanthroline (phen) moiety of

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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phenPer was scanned to find a fully relaxed equilibrium geometry
of phenPer. That geometry was employed in the optimization of
the structure of the respective Rh" complex (Rh"phenPer). The
optimized singlet structures were obtained at the density functional
level of theory (DFT) by means of the B3LYP XC functional.”'*? The
def2-SVP basis®**¥ as well as the respective core potentials (Rh)
were applied for all atoms. A vibrational analysis was performed to
verify that a minimum on the potential energy (hyper-)surface (PES)
was obtained. The excited state properties, namely excitation
energies, oscillator strengths and electronic characters were
calculated within the Frack-Condon structure at the time-depend-
ent DFT (TD-DFT) level of theory. Therefore, the 100 lowest singlet
excited states were calculated using the same XC functional, basis
set and core potentials as for the preceding ground state
calculations. Solvent effects (acetonitrile, €=35.688, n=1.344) were
taken into account on the ground and excited states properties by
the solute electron density variant of the integral equation formal-
ism of the polarizable continuum model.***® The non-equilibrium
procedure of solvation was used for the calculation of the excitation
energies within the Franck-Condon point. All calculations were
performed including D3 dispersion correction with Becke-Johnson
damping.”
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