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ABSTRACT
The entatic state model system, the copper guanidinoquinoline complex pair [Cu(DMEGqu)2]

+/2+, was herein studied regarding

its photo-dynamics upon excitation. The photo-induced excited states of the copper(I) complex were investigated with time-

resolved infrared and UV/Vis absorption spectroscopy, yielding the excited states’ time constants upon metal-to-ligand charge

transfer. Additional density functional theory calculations yield insights into the electronic structures of these excited states. The

combined theoretical and experimental approach was used to construct the schematic reaction pathway of the excited states of

[Cu(DMEGqu)2]PF6. Further, using a previous study of an entatic state model complex with a different guanidine moiety,

[Cu(TMGqu)2]PF6, the substituents’ effects on the complex cation’s photo-dynamics were evaluated. The comparison shows that

the less bulky and more rigid DMEG moiety measurably affects the charge transfer dynamics, underscoring the entatic state

model as a potential tool for controlling copper photochemistry.

1 | Introduction

A detailed understanding of chemical processes of photoexcited
transition metal complexes, including copper complexes, is crucial
for the development of modern applications, i.e., dye sensitized
solar cells, organic light emitting diodes (OLEDs), and photocatal-
ysis [1–6].While promising, the application of early transitionmet-
als in these areas is challenging due to their short lifetimes, caused
by a combination of factors like insufficient ligand-field splitting or
structural flattening [7, 8]. To overcome these limitations, the elu-
cidation of structure–property relationships regarding the time
constants of the different emerging excited states is the focus of
current research [9–11]. Hereby, the reaction pathway of the pho-
toexcitation of a copper complex is studied with focus on its vari-
ous excited states and their corresponding lifetimes. Cu(I)
complexes are promising systems for the development of late tran-
sition metal photosensitizers due to their potentially long-lived

excited states [12–16]. These copper complexes often contain ste-
rically demanding N-donor ligands which control the time con-
stants of internal conversion (IC) and intersystem crossing
(ISC). The basic [Cu(dmp)2]

+ system (dmp= 2,9-dimethyl-1,10-
phenanthroline), for example, exhibits shorter time constants of
the charge-separated singlet and triplet states than the function-
alized analogs with bulkier substituents [9, 17–24]. In contrast,
the excited states of the herein studied entatic state model system
possess extraordinarily short time constants. The IC and ISC pro-
cesses in the entatic state proceed distinctly faster than for the
bulkier diimine system [25].

The entatic state principle was developed by Vallee and Williams
in the 1960s [26, 27]. It was defined as the impact of the protein
surrounding or the ligand sphere on the structure and/or reactivity
of the active site of a protein or a complex. An early explanation for
the fast electron transfer processes facilitated by type-I Cu proteins
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[27, 28], the study of the entatic state has resulted in a broad range
of reported coordination compounds as entatic state model sys-
tems [29–36]. Over the years, the concept’s definition saw inten-
sive discussion and modifications [37–40]. For example, Comba
et al. describe the entatic state as “the energization due to a misfit”
between ligand and metal center or between system fragments of
catalyst and substrate and the reactive complex [41]. Nowadays,
the concept “entasis” comprises not only the energization induced
by steric hindrance but also the electronic influence of certain
donors on the metal center and the impact of the interaction with
the reaction environment [41–43]. A system in its entatic state is
stabilized in an energized form, which resembles the transition
state of the reaction [41]. Thereby, the activation barrier and reor-
ganization energy of the reaction are lowered and in case of the
photoexcitation IC and ISC are accelerated [25]. This effect of the
entatic state was determined for the copper guanidinoquinoline
complex [Cu(TMGqu)2]PF6 with TMGqu (1,1,3,3-tetramethyl-2-
(quinolin-8-yl)guanidine) as ligand. This complex and its Cu(II)
counterpart were previously reported as model systems for the
geometric entatic state (Figure 1) [44]. The Cu(I) and Cu(II) com-
plexes possess strong structural resemblance, both highly distorted
from either ideal coordination polyhedron (tetrahedron for Cu(I)
and square planar for Cu(II)) [45]. [Cu(TMGqu)2]PF6 follows a
pathway of various excited states after photoexcitation which were
characterized by different time-resolved spectroscopic methods,

yielding three relatively short-lived, “entatic” MLCT (metal-to-
ligand charge–transfer) states. An internal conversion of S1 to a
flattened S1,relax state and the following ISC to T1 and back to
S0 have very small time constants compared to diimine systems
in literature [23, 25]. The initial study of [Cu(TMGqu)2]PF6 was
therefore able to correlate the entasis of a copper compound to
its photo-dynamics. The specific ligand features of the guanidine
unit are based on the outstanding donor properties and the high
basicity of those systems [46]. Guanidine donors act as ligands in
various applications, e.g., bioinorganic chemistry [46–57] and
polymerization catalysis [58–68].

Herein, we discuss the determination of the excited state dynam-
ics of [Cu(DMEGqu)2]PF6 (DMEGqu: 1,3-dimethyl-N-(quinolin-
8-yl)imidazolidin-2-imine, Figure 1) after photoexcitation. The
structural and electronic properties of different MLCT states
were examined via transient absorption and IR spectroscopy
and DFT (density functional theory) calculations. The influence
of the more rigid guanidine system compared to the TMGqu sys-
tem is elucidated regarding the entatic state principle in the
excited states. Taking into account the electron-transfer in the
ground state, the DMEGqu system already reveals a significant
deceleration in comparison to the TMG parent system owing to
both the larger structural change upon oxidation and the more
rigid DMEG moiety.

2 | Results and Discussion

Given the electronic similarity between the MLCT states and the
Cu(II) state, both oxidation states of the [Cu(DMEGqu)2]

+/2+

redox couple were initially examined via static IR and UV/Vis
absorption spectroscopic methods (Figure 2). Despite the geomet-
ric similarities of both complex cations (Figure 2, left), there are
distinct differences in the characteristic spectral features of Cu(I)
and Cu(II) complexes. These differences arise from their deviat-
ing electronic structures, which allow for the construction of
static difference spectra that can be later compared to those of
the excited Cu(I) complex. The infrared spectra of both oxidation
states show intense bands of typical guanidine and quinoline
vibrations (Figure 2, middle) which respond sensitively to oxida-
tion state changes. The absorption spectra of the Cu(I) and Cu(II)
complexes depict intense transitions in the visible region. For the
Cu(I) complex [Cu(DMEGqu)2]

+, said transition is located at
approximately 430 nm and can be attributed to a Cu→ π*

FIGURE 1 | Schematic description of the differently pronounced

structural change during the electron transfer of [Cu(TMGqu)2]
+/2+ or

[Cu(DMEGqu)2]
+/2+; Δ(Cu-Ngua): difference in Cu-Ngua bond length

between the Cu+ and Cu2+ structures. TMGqu is 1,1,3,3-tetramethyl-2-

(quinolin-8-yl)guanidine) (only solid lines) and DMEGqu is 1,3-

dimethyl-N-(quinolin-8-yl)imidazolidin-2-imine (solid and dashed lines).

FIGURE 2 | Left: Overlay of the molecular structures in the solid state of the complex cation pair [Cu(DMEGqu)2]
+/2+; middle: Static infrared

spectra of [Cu(DMEGqu)2]
+ (black) and [Cu(DMEGqu)2]

2+ (red) in CH2Cl2; right: static UV/Vis spectra of [Cu(DMEGqu)2]
+ (black) and

[Cu(DMEGqu)2]
2+ (red) in CH3CN.
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metal-to-ligand charge transfer (MLCT). For [Cu(DMEGqu)2]
2+,

the transition at 390 nm is likewise attributed to a charge trans-
fer, specifically the opposite π*→Cu ligand-to-metal charge
transfer (LMCT, Figure 2, right). Based on the information
obtained from the ground state spectra, structural and electronic
properties can be assigned to emerging excited states.

The excited state dynamics of the Cu(I) complex [Cu(DMEG)2]PF6
were examined using transient absorption and IR spectroscopy
within a time interval of �500 ps after photoexcitation. The corre-
sponding fit amplitudes (Figure 3) contain information on the
related reactions. Transient IR spectroscopy [69–71] was conducted
to evaluate the temporal change of the typical ligand vibrations after
photoexcitation of [Cu(DMEGqu)2]PF6 and compare them to those
of the previously studied [Cu(TMGqu)2]PF6 [25]. Themeasurements
were performed in dichloromethane (CH2Cl2) with an excitation
wavelength λexc of 400 nm. Figure 3 depicts the transient spectra
at different delay times, and the decay-associated difference spectra
(DADS) at certain decay times determined from the global fit. These
spectra allow the molecular interpretation of the responsible states
for the observed decay processes. The transient infrared spectra mea-
sured at the beginning indicate that the initial ground state absorp-
tion disappears upon excitation and another species with Cu(II)
character appears. The dotted curve in Figure 3, middle, is the
inverted ground-state absorption spectrum of the initial sample. A

comparison of the negative bands in the DADS with the static
absorption spectrum of the two DADS (middle and bottom) clearly
shows that a similar amount of ground-state population recovers
with the two processes. This observation supports the interpretation
given below that state S1,relax decays via two channels of equal effi-
ciency, i.e., τ2a = τ2b. Three time constants were obtained via global
modeling (τ2= 4± 0.8, τ3= 15± 1, and τ4= 360± 20 ps; Table 1).
Since the spectra related to τ2 and τ4 and the ground state spectrum
of [Cu(DMEGqu)2]

2+ depict very similar vibrations, the excited
states are identified as MLCT species with Cu(II) character. A com-
parison of the spectra of τ3 and the ground state spectrum of S0
shows red-shifted vibration bands of the excited state, which indi-
cates a cooling of a vibrationally excited, hot ground state [72].
The DADS at 360 ps shows very high agreement with the
ground state FTIR difference spectra of [Cu(DMEGqu)2]

+ and
[Cu(DMEGqu)2]

2+ (dotted black line, Figure 3, bottom). Thus, an
almost complete regeneration of the [Cu(DMEGqu)2]

+ ground state
appears. Therefore, only a small percentage of long living excited
species (exciplex, vide infra) is present.

Similar results are received via transient absorption spectroscopy
in the UV/Vis region (Figure 4, Table 1). The amplitudes of the
transient difference spectra show a reduction by �50% during
the first 5 ps, after which a decay on the 100 ps timescale takes
over. The global modeling of the spectra, obtained from the

FIGURE 3 | Transient MIR difference spectra of [Cu(DMEGqu)2]PF6 (left) and [Cu(TMGqu)2]PF6 (right) in CH2Cl2 for selected delay times (exci-

tation at 400 nm) and decay-associated difference spectra (DADS) for selected decay times of [Cu(DMEGqu)2]PF6 (left) and [Cu(TMGqu)2]PF6 (right) in

CH2Cl2. The dotted curves represent the inverted ground-state absorption spectra of the initial sample and the dashed curves the difference spectra.
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measurements in CH2Cl2 with λexc= 400 nm, results in four time
constants (τ1= 0.3± 0.3, τ2= 2.6± 01, τ3= 15± 4, and
τ4= 400± 30 ps). The three longer living values are similar to
the time constants from transient IR spectroscopy. After photoex-
citation, a decrease in the Cu(I) absorption at 430 nm is observed.
Concurrently, an increase of the absorption at 390 nm is detected,
indicating the development of a Cu(II) species (see Figure S1).
Additionally, a broad absorption at 500–700 nm arises, which
can be assigned to the formation of a quinolinyl radical [73].
These absorption bands of the transient species vanish completely
after a reaction time of 1000–3000 ps and the Cu(I) absorptions are
regenerated.

The transient UV/Vis spectroscopic measurements were also per-
formed with an excitation wavelength of 320 nm. Their analysis
yields four time constants, calculated via global modeling, that
are of similar values as the constants obtained at
λexc= 400 nm, which is in agreement with the previous study
of the [Cu(TMGqu)2]PF6 system [25]. Therefore, the excitation
wavelength has only minimal influence on the type and lifetime
of the arising excited states.

The comparison of the transient spectra shows that the two
systems [Cu(TMGqu)2]PF6 and [Cu(DMEGqu)2]PF6 exhibit sim-
ilar spectral behavior (Table 1, Figures 3 and 4). The time
constants τ1 to τ3 are of similar size, but the lifetimes of the

DMEGqu-coordinated species are slightly longer. Only the
T1 state with lifetime τ4 is considerably more stable for
[Cu(DMEGqu)2]PF6 (see Figure 5 showing a direct comparison
at a probing wavelength of 659.6 nm).

TABLE 1 | Overview of decay times for the optical excitation of [Cu(TMGqu)2]PF6 [25] and [Cu(DMEGqu)2]PF6.

[Cu(DMEGqu)2]
+ [Cu[TMGqu)2]

+

CH2Cl2 CH3CN CH2Cl2 CH3CN

TR-IR λpump = 400 nm

τ2 [ps] 4 ± 0.8 n.d. 3 ± 1 2 ± 1.5 [25]

τ3 [ps] 15 ± 1 n.d. 13 ± 1 11 ± 3 [25]

τ4 [ps] 360 ± 20 n.d. 240 ± 20 120 ± 20 [25]

TR-UV/Vis λpump = 400 nm

τ1 [ps] 0.3 ± 0.3 0.3 ± 0.2 0.7 ± 0.5 0.3 ± 0.2

τ2 [ps] 2.6 ± 1 1.4 ± 0.4 1.8 ± 1 1.4 ± 0.2

τ3 [ps] 15 ± 4 23 ± 10 14 ± 3 9 ± 3

τ4 [ps] 400 ± 30 170 ± 20 260 ± 20 115 ± 10

FIGURE 4 | Transient UV/Vis difference spectra of [Cu(DMEGqu)2]PF6 (left side) and [Cu(TMGqu)2]PF6 (right side) in CH2Cl2 for selected delay

times. The gray area indicates the spectral range where the excitation pulse influences the detected absorption data.

FIGURE 5 | Comparison of the lifetimes of the longest-living state of

[Cu(TMGqu)2]PF6 (red, 260 ps) and [Cu(DMEGqu)2]PF6 (blue, 400 ps)

in CH2Cl2 determined via transient UV/Vis spectroscopy @ 659.6 nm.

Absorption data are normalized and off-set corrected.
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The change of the solvent from CH2Cl2 to acetonitrile (CH3CN)
exhibits a distinct impact on the time constant of the excited
states, while the character and spectroscopic features of the aris-
ing species remain constant. The time constants of the flattened
3MLCT-state decay are systematically shorter in acetonitrile than
in CH2Cl2. The excited states are destabilized in the more polar
solvent (CH3CN). The influence of the solvent may be caused by
the formation of exciplex species, which are formed by a loose
solvent coordination [24, 74, 75]. Moreover, in the DMEG case,
the anion may have a stronger contact to the formal Cu(II) ion
[76] in the exciplex which additionally stabilizes its lifetime. With
the information obtained from the experiments and DFT calcu-
lations, a reaction pathway of the excited states was derived
(Figure 6). Thereby, spectroscopic and structural properties
and time constants are referred to as defined excited state species.

With the excitation of the Cu(I) ground state S0 with a defined
wavelength λexc, an electron is transferred from the metal center
to the ligand sphere and an λexc-dependent excited state S19
(Franck-Condon state with MLCT character) is populated, which
decays to S1 on a fast femtosecond timescale followingKasha’s rule.
According to Kasha’s rule, fluorescence or phosphorescence orig-
inates from the electronically lowest excited state of a given mul-
tiplicity [77]. Hence, an excited species with Cu(II) character arises
with the time constant τ1, which is defined as 1MLCT S1,relax state.
This singlet state possesses structural (Table 2) and spectroscopic
features similar to the ground state [Cu(DMEGqu)2]

2+ and addi-
tionally shows UV/Vis absorptions of a ligand (quinolinyl) radical.
In the following, the S1,relax decays with τ2= 1.4 ps (value for ace-
tonitrile). Approximately 50% reach the triplet 3MLCT state via ISC
with the time constant τ2a. The structural and spectroscopic prop-
erties of T1 resemble S1,relax and the Cu(II) ground state. The
remaining population of the flattened 1MLCT follows another
decay channel to a hot ground state (detected by TR-IR, τ2b), which

itself decays to S0 with τ3. We also tried to obtain emission spectra
from the Cu(I) complex but obtained only emission spectra of the
ligand (see SI, Figures S2 and S3).

The triplet state T1 has a lifetime τ4. It may form the ground state
S0 directly via another ISC by a back transfer of the electron from
the formally reduced ligand to the copper ion with a rate of 1/τ4a.
A minor fraction of the T1-population decays to the ground-state
via an exciplex on the nanosecond time scale with the rate of 1/
τ4b. The time constant τ4 (170 ps for [Cu(DMEGqu)2]PF6 in ace-
tonitrile) is extremely short for the decay of an excited triplet
state. In comparison, the T1 species of substituted copper phenan-
throline complexes possess time constants up to the ns time scale
[12–16]. Additionally, τ1 and τ2 are distinctly faster than compa-
rable time constants of copper complexes in the literature.

These fast decay times are promoted by the entatic state princi-
ple. The preflattened geometry and small structural differences
between both the oxidation and the excited states of the complex
promote a fast interconversion from S19 to S1 and ISC to T1 and
back to S0.

FIGURE 6 | Schematic reaction pathway of the excited states of [Cu(DMEGqu)2]
+ in CH3CN after photoexcitation. TD DFT calculations allow an

assignment of the geometry of the excited states.

TABLE 2 | Optimized excited singlet state geometry data and the

triplet state geometry.

GS-
Cu(I)

GS-
Cu(II) S1,relax S19 T1

Cu–Ngua [Å] 2.166 2.065 2.063 2.076 1.987

Cu–Nqu [Å] 2.041 2.086 2.059 2.072 1.974

Cu–Ngua2 [Å] 2.166 2.065 2.063 2.076 1.987

Cu–Nqu2 [Å] 2.041 2.086 2.059 2.072 1.974

∡ CuN2-
CuN’2

72.4 46.6 42.7 49.2 44.7
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During the structural reorganization, the angle between the che-
late planes on the one hand and the Cu–Ngua bond length on the
other hand have to be changed leading to the corresponding
orbital rotation required for an efficient spin–orbit coupling [76].

Remarkably, a comparison of the time constants of the excited states
of [Cu(DMEGqu)2]PF6 with the values of [Cu(TMGqu)2]PF6 shows
a deceleration of the decays of the excited species. Exemplarily, the
time constant τ4 increases from ca. 115 ps ([Cu(TMGqu)2]PF6) to
170 ps ([Cu(DMEGqu)2]PF6) in CH3CN and from 260 to 400 ps
in CH2Cl2, respectively (data from transient UV/Vis spectroscopic
measurements). The slightly larger geometric difference of the
[Cu(DMEGqu)2]

+/2+ system enlarges the structural change during
the process of photoexcitation. This influence of guanidine substitu-
ents on the properties of a complex as entatic state model system has
already been discussed in terms of spectroscopic features [44, 76]
and intermolecular electron transfer properties: The DMEG unit
of the dimethylethylguanidinoquinoline (DMEGqu) ligand shows
a slightly more rigid and slim structure in comparison to the
TMG units of the TMGqu system, stronger affecting the structures
of the corresponding copper complexes (Figure 1) [78, 79]. As a con-
sequence, the [Cu(DMEGqu)2]

+/2+ couple exhibits larger structural
differences between the Cu(I) and Cu(II) states that reflect the struc-
tural changes in the MLCT states. This can be quantified by the
more pronounced change of the geometric parameters, e.g., the
Cu–Ngua bond length and the CuN2–CuN2’ angle, obtained from
molecular structures in the solid state [76]. In the DMEGqu species,
the excited state species have to overcome a larger structural change
(CuN2–CuN2’ angle) during the IC and ISC processes, which
increases the lifetimes of the individual excited states. Therefore,
in [Cu(DMEGqu)2]

+/2+, the entatic state influences the photoexcited
reaction processes to a smaller extent than in the [Cu(TMGqu)2]

+/2+

system. This can be well correlated with the smaller electron self-
exchange rate constants of the [Cu(DMEGqu)2]

+/2+ system [78, 79].
Additionally, due to a larger reorganization energy in nitrile sol-
vents, the electron self-exchange rate of [Cu(DMEGqu)2]

+/2+ is
decelerated in contrast to [Cu(TMGqu)2]

+/2+ [78, 79]. This is again
in fine accordance with the charge–transfer data presented here.

The DFT calculations help to understand the vibronic behavior of
the two complex pairs: The parent complex [Cu(TMGqu)2]PF6
shows an optical transition at 3.4 eV (365 nm) corresponding
to a MLCT transition whereas the corresponding Cu(II) complex
shows a complementary LMCT transition [44]. In the corre-
sponding Raman spectra, a Cu–N bond length elongation and
Cu distortion vibration at around 800 cm−1 (Cu(I): 778 and
811 cm−1; Cu(II): 790 and 815 cm−1) come into resonance at this
excitation wavelength [44]. This vibronic mode geometrically
connects the Cu(I) and the Cu(II) complex by combining the
optical charge–transfer excitation with the distortion of the
system along the reaction coordinate. This mode provides a
charge-separated state which resembles the transition state of
the inner-sphere electron transfer.

In the [Cu(DMEGqu)2]
+/2+ system, the corresponding vibronic

mode looks quite different. In both systems, DFT analysis reveals
a MLCT in the Cu(I) complexes (see Figure 7, left, electron den-
sity difference map: EDDM) and an LMCT for the corresponding
Cu(II) complexes (see Figure 7, right). But the compositions of
the transitions are different: In the [Cu(TMGqu)2]

+/2+ system,
the MLCT purely consists of contributions from Cu dz2 to the
π* of the quinoline transition and the LMCT contributions from
π of the quinoline and the guanidine system to the Cu d

transition [44]. However, in the [Cu(DMEGqu)2]
+/2+ system,

the MLCT consists of contributions from the Cu d orbital and
the guanidine N donor to the π* system of the quinoline
and the DMEG unit. The LMCT shows transitions from the π sys-
tem of the quinoline to the Cu d orbital and the guanidine system.
The contribution of the guanidine moiety in DMEGqu is explained
by the MO scheme. In the TMGqu system the π orbitals of the
quinoline and the guanidine moiety are separated whereas these
orbitals partially mix in the DMEGqu system [76, 80].

3 | Conclusions

We investigated the influence of the different guanidine moieties
of Cu(I) and Cu(II) complexes on the entatic state principle and
their photochemistry. Complementary time-resolved techniques
deliver lifetimes of the different excited states and, together with
DFT studies, insights into the charge–transfer processes of the
complexes. The comparison of the transient spectra of the differ-
ent systems (complexes with the ligand TMGqu and DMEGqu)
yields similar spectral behavior whereas the lifetimes with the
DMEGqu ligand are longer which points to the notion that
the involved species and the reaction scheme are highly similar.
Nevertheless, the lifetimes of the flattened 3MLCT-states show a
pronounced ligand dependency: The guanidine moiety in
DMEGqu is more rigid which impacts the regarded Cu com-
plexes. The structural difference between the Cu(I) and the
Cu(II) complexes is more pronounced than in the complexes
with TMGqu, increasing the lifetimes of the excited states.
The less pronounced entatic state of [Cu(DMEGqu)2]

+/2+ com-
pared to its [Cu(TMGqu)2]

+/2+ counterpart therefore also affects
the corresponding photodynamics of the Cu(I) complex. The

FIGURE 7 | Electron density difference map (EDDM) of the

[Cu(DMEGqu)2]
+/2+ (above) and the [Cu(TMGqu)2]

+/2+ system [44] (bot-

tom); on the left side: MLCT transitions and on the right side: LMCT tran-

sitions (light to dark).
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small changes in the different guanidine moieties of the ligands
result in different electronic properties, enabling the engineering
of the time constants by entatic state effects. Moreover, it shows
that tuning of charge–transfer processes and electron transfer
processes are inherently linked in guanidine copper complexes.

4 | Experimental Section

4.1 | Materials

All experiments involving air- and moisture-sensitive compounds
were performed under N2 atmosphere, purified with granulated
P4O10, by Schlenk techniques or in a glovebox. The solvents
(CH3CN and CH2Cl2) were purified by distillation from CaH2.
The complexes ([Cu(DMEGqu)2]PF6 and ([Cu(DMEGqu)2](PF6)2
were prepared according to the literature [76].

4.2 | Transient IR and UV/Vis Absorption
Spectroscopy

The ultrafast absorption changes were recorded using the pump-
probe technique. Femtosecond pulses are generated by a Ti:
Sapphire laser-amplifier system with a repetition rate of 1 kHz
(Spitfire Pro, Tsunami, Spectra Physics) [81]. The pulses (central
wavelength 800 nm, pulse duration 90 fs) are split into a pump
pulse for excitation and a probe part to monitor the response
of the excited sample.

4.2.1 | Excitation

For most of the experimental investigations, the pump pulse is
obtained by frequency doubling the fundamental of the Ti:
Sapphire laser-amplifier system to 400 nm. For the experiments
with excitation at 320 nm, the pump pulses are generated by fre-
quency doubling of 640 nm pulses produced in a home-built two-
stage noncollinear optical parametric amplifier (NOPA) [82]. The
excitation pulses are delayed relative to the probe pulse with a
mechanical delay stage. Every second excitation pulse is blocked
by a mechanical chopper to improve referencing.

4.2.2 | Probing in the Visible and Near UV

Broadband probing light was generated via a femtosecond white
light super continuum (SC) and a spectral range extending from
320 to 720 nm was used. For SC light generation, a small portion
of the 800 nm fundamental pulse was focussed on a CaF2 plate
[83]. The SC pulse is imaged on the sample with a diameter
�70 μm. The spectrum of the transmitted light is recorded for
each pulse with a home-built spectrometer (detector array
S3902-512Q from Hamamatsu). The measurements are per-
formed under magic angle conditions and at room temperature.
The excitation pulses (energy ca. 400 nJ) had a diameter of 210–
250 μm for 400 nm excitation and 170 μm for 320 nm excitation.
The instrumental response function had a duration (FWHM) of
100–150 fs.

4.2.3 | Probing in the Mid-IR

Generation of the mid-IR probe pulses (1275–1630 cm−1) uses a
combination of a non-collinear [84, 85] and a collinear optical
parametric amplifier to generate a pair of intense pulses in

the near IR at around 1.4 and 1.8 μm. Difference frequency mix-
ing of these two pulses in an AgGaS2 nonlinear crystal allows to
generate mid-IR pulses around 1400 cm−1. After the sample, the
mid-IR pulses are spectrally dispersed (Chromex 250IS, Bruker)
and detected with a double 64 channel MCT array (IR-0144,
Infrared Systems Development). The energy of the excitation
pulses was ca. 500 nJ (diameter at the sample position ca.
200 μm). In order to prevent nonlinearities from multistep or
multiphoton excitation, the excitation intensity was reduced
by stretching the excitation pulses by propagation through a
25 cm rod of fused silica. This resulted in a duration of the exci-
tation pulse of ca. 1.5 ps. For each setting of the delay time, 1000
shots were averaged. In addition, the data was averaged over 10
scans of the delay line. In addition, averaging over 5 points along
the time axis was used to reduce electronic noise. Magic angle
conditions and room-temperature were used.

4.2.4 | Details of Sample Properties and Data Handling

In the time-resolved absorption experiments, the Cu(I) samples
were dissolved in acetonitrile or dichloromethane purified by dis-
tillation from CaH2 and were kept in a nitrogen atmosphere. The
solution (concentration 1,6 mM, total volume ca. 10 cm3) was
pumped with a peristaltic pump (Ismatec, ISM404B) through
the cuvette with fused silica windows (UV–vis experiments, opti-
cal path length 1mm for 400 nm excitation or 0.5 mm for 320 nm
excitation). For the IR-experiments, CaF2 windows and path-
lengths in the 0.1 mm range were used. The pump speed was
set to allow the complete exchange of the irradiated sample vol-
ume prior to the next probe pulse. Stationary UV/Vis absorption
spectra (UV2600, Shimadzu) were recorded before and after tran-
sient measurements to check for the stability of the samples.

In the modeling of the delay time dependence of the transient
absorption data, we used global fitting with exponential func-
tions to obtain the relevant time constants and the related ampli-
tude spectra, the decay-associated difference spectra (DADS) (for
details, see the Supporting Information of Ref. [25], https://www.
nature.com/articles/nchem.2916#Sec9).

4.3 | Fluorescence and Time-Resolved
Fluorescence Setup

For the steady-state and time-resolved fluorescence experiments,
the excitation wavelength λex= 375 nm with a repetition rate of
5MHz was obtained from a diode laser (LDH-P-C-375,
PicoQuant). Time-correlated single photon counting (TCSPC)
was used to record the time decay profiles. The samples were
excited after focusing the laser beam with a fused silica lens on
a Suprasil quartz glass cuvette (Hellma Analytics, Germany).
Selection of the emission wavelength at λem= 554 nm was achieved
by using a scanning monochromator with a 1200 g/mm grating
blazed at 510 nm (2035, McPherson, United States). The monochro-
mator was connected to a hybrid photomultiplier detector assembly
(PMA hybrid series 06, PicoQuant, Germany) which is sensitive in
the range of 220–650 nm. This detector was connected to a single
photon counting PCI express card (TimeHarp260P, PicoQuant,
Germany). The resolution was 0.05 ns. Emission spectra were
measured in the same setup and recorded with a spectrometer
(QE65000, Ocean Optics Inc., USA). The experiments were
conducted in a cleanroom with constant temperature
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(22.0°C± 0.5°C) and humidity (40% ± 3%). To analyze the
obtained data, the same procedure as in [2] was used.

4.4 | Density Functional Theory

In extensive benchmarking studies [80, 86–89], we found that the
structures of TMGqu copper bis(chelate) complexes are well
described by the hybrid functionals B3LYP [90–93] and TPSSh
[94, 95] with the triple-zeta basis set def2-tzvp [96–99]. The start-
ing geometries of the complexes for the optimization were gen-
erated from the X-ray crystal structures. However, the calculation
of excited singlets were performed with the functional B3LYP
with the keyword “Opt=(MaxStep=10) freq td=(nstates=xx,roo-
t=yy,read)” in analogy to the previous publication [25]. The
triple-zeta basis set allowed no successful iterations within 2
months of calculation time on 16 nodes. Hence, we stepped back
to def2-svp as basis set [93–99]. For all calculations, Gaussian 16
revision B.01 was used [100]. For B3LYP/def2-svp, the key geo-
metric data of the symmetry-allowed singlet excitations are sum-
marized in Table 2. The triplet state T1 can be handled as pseudo
ground state.
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