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Abstract

[Cu(D)(dmp)(P),]" (dmp =2,9-dimethyl-1,10-phenanthroline derivatives; P = phosphine ligand) is
one of the most promising photosensitizers used in a photo-catalytic system reducing CO,, of which
quantum yield is as high as 57 %. In this work, time-resolved emission spectra of the Cu(l)
complexes in solutions were investigated using femtosecond fluorescence up-conversion and
nanosecond time-resolved emission spectroscopic systems. The temporal profiles of the emission
intensities earlier than 10 ps in the acetonitrile solution were reproduced by tri-exponential function
with three-time constants of 0.040 ps, 0.78 ps and 8.0 ps. We found that only the second time
constant is dependent on the solvent (acetonitrile: 0.78 ps, butyronitrile: 1.4 ps), indicating that the
0.78 -ps spectral change is attributed to the structural change of the Cu(I) complex. The oscillator
strengths of transition species are derived from the intensities in the time-resolved emission spectra
(species-associated spectra). Based on the oscillator strengths, we concluded that the 0.040-ps
process is the S,—S; internal conversion and the 0.78 -ps process is a structural change in the S;
state. The final time constant of 8.0-ps is assigned to that for S;—T; intersystem crossing because
the SMLCT state (zr; = 97 ns) is generated after the decay. A DFT calculation showed that the 0.78
-ps spectral change (~ 600 cm!' redshift) is attributed to Jahn-Teller distortion around the metal
center, and there is a large structural change in ligand, which gives a large Stokes shift in the S, state

(7300 cm™).
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1. Introduction

Photochemistry and photophysics of transition metal complexes have been widely studied in these
four or five decades'> because these complexes have suitable properties to use in various
photochemical systems such as intense absorption and emission in the visible region assignable to
electronic transitions related to charge-transfer excited states. However, most of these complexes
are those of precious metals such as ruthenium, rhenium, and platinum. Therefore, from a practical
point of view, complexes of abundant metals having such photochemical properties are highly
required these days.

In this viewpoint, copper (I) complexes with diimine ligands have attracted attention with their
photochemical properties that resemble those for well-known tris diimine Ru(Il) complexes, i.e.
intense metal to ligand charge transfer (MLCT) absorption and long-lived emission in the visible
region.®? 1012 One of the most characteristic properties of the Cu(I) diimine complexes is a
structural change in the excited-states.!> A photo-oxidation of the metal center from Cu(I) to Cu(II)
due to the MLCT transition induces a structural change to the square planner structure preferred by
most Cu(Il) complexes from tetrahedral structure preferred by Cu(I) complexes.'*1¢  Since such
structural changes are related to the potential energy of the excited-states of the Cu(l) diimine
complexes, information about the structural change dynamics is essential for relevant photochemical
studies.!> 1718 Therefore, real-time observations of the excited-state dynamics of the Cu(I) diimine
complexes in the femtosecond to picosecond time regions have been performed by number of
researchers to elucidate the structural change dynamics.

Studies of the excited-state dynamics of various Cu diimine complexes have been performed by
ultrafast spectroscopy such as time-resolved emission!® 1921 absorption®?-2°, X-ray absorption
spectroscopy!® 2737, and their combinations!”> 18, 27, 29, 32, 34-39 a5 well as by theoretical calculations.3”>
40-42 - For [Cu(dmp),]" (dmp = 2,9-dimethyl-1,10-phenanthroline), a typical and standard copper(I)
diimine complex, first attempts to observe the ultrafast dynamics was made using femtosecond
transient absorption spectroscopy at 2003 by Armaroli and co-workers.?> Almost at the same time,
Lin. X. Chen and co-workers recorded the excited-state structural change by a time-resolved X-rays
measurement for [Cu(dmp),]*.32 In these works, 10-20 ps were proposed as the time constants of
structural changes and sub-picoseconds or shorter time constants for those of intersystem crossing
for [Cu(dmp),]*. However, different time constants were reported from time-resolved emission
spectroscopy.  Nozaki and co-workers claimed ~10 ps as a time constant of the intersystem
crossing of [Cu(dmp),]* based on the fluorescence lifetime using picosecond-time resolved emission
spectroscopy.'®  After that, Iwamura et al reported the results of the femtosecond time-resolved
fluorescence spectra of [Cu(dmp),]*. They found three time constants of 0.04, 0.7 and 7 ps, and
concluded that the structural change process of [Cu(dmp),]* proceeds with a time constant of 0.7 ps

because only this component was dependent on the solvent, and the 0.04- and 7-ps components were
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assigned to the internal conversion and intersystem crossing, respectively.!3 15,21, 43

Ultrafast time-resolved emission spectroscopy has various advantages to investigate structural
change dynamics of the Cu(l) complexes over other time-resolved spectroscopic techniques.
Making assignments of emission bands to transient species is easier than making those of
excited-state absorption bands because emission spectroscopy observes electronic transitions from
target excited states to the ground state while transient absorption observes those between unknown
states.!3 4 Furthermore, due to the fast intersystem crossing of the transition metal complexes,
mixtures of the excited-state singlet and triplet species are sometimes generated in the early time
region. In that case, the advantage of fluorescence spectroscopy is conspicuous because
fluorescence spectroscopy easily distinguishes signals of the spin-allowed singlet states from that of
spin-forbidden triplet states by their intensities, while it is difficult in the cases of the transient
absorption and time-resolved X-ray signals. In addition, in the case of [Cu(dmp),]*, the difference
between the excited-state absorption spectra before and after the structural change was found to be
very small.!32% 32 In the case of emission spectra, the spectral change due to structural change was
quite clear, which appears as the decay of the emission band at around ~600 nm and rise of that at ~
700 nm.?>  Therefore, although several time-resolved X-ray measurements have been performed for
direct observation of the structural change dynamics of the Cu diimine complexes,!> 28 30. 31, 45, 46
information about ultrafast fluorescence spectral changes is still essential to elucidate the
excited-state structural changes dynamics of the Cu(I) diimine complexes.!3- 1521, 24,47

Recently, heteroleptic copper(I) complexes, which have both phosphine and diimine ligands,
attract attention because this class of Cu complexes exhibit attractive and advanced photochemical
and  photophysical  properties.3-58 Especially,  [Cu(I)(dmp)(P),]" (dmp =
2,9-dimethyl-1,10-phenanthroline derivatives; P = phosphine ligand) (Fig.1) has a big potential to
work as a photosensitizer in photocatalytic systems.”> 8 12495961 Ag reported by Takeda et al, it
was found that newly synthesized dimer type Cu(I) complex (Cu-dimer, Figure 1, left) gave the best
result of reduction yield of CO, (® = 57 %) among the [Cu(I)(dmp)(P),]" complexes.*>>>°  Some of
the reasons for the high quantum yield may be that the SMLCT excited states of [Cu(I)(dmp)(P),]*
complexes have longer lifetimes and higher potential energy than ordinal Cu(l) bis diimine
complexes.®? In addition, the smaller structural changes in the excited state may also be important
for the photosensitizer.  However, the details of excited state dynamics of [Cu(I)(dmp)(P),]*

complexes are still unknown.
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Cu-dimer Cu-monomer

Figure.1 Molecular structure of Cu-dimer&Cu-monomer.

To investigate excited-state dynamics including structural changes of [Cu(I)(dmp)(P),]*
complexes, ultrafast time-resolved emission dynamics of Cu-dimer and monomer type of
[Cu()(dmp)(P),]" (Cu-monomer, Figure 1 right) was observed, where Cu dimer exhibit higher
quantum yield for the photo-reduction of CO, than for Cu-monomer (¢co, = 6.7 % for Cu-dimer and
2.6 % for Cu-monomer using Fu(Il) catalyst).* Femtosecond time-resolved fluorescence spectra
were constructed from the spectral data, and we succeeded in making assignments of these
excited-state species and time constants such as the internal conversion, the structural change, and
the intersystem crossing for Cu-dimer and Cu-monomer. Theoretical calculations were performed

to reveal details of the structural processes.

2. Experimental Section
2.1. Fluorescence up-conversion measurements

Femtosecond fluorescence measurements were carried out using the lab-made fluorescence
up-conversion system reported previously.?!  Fundamental pulses of a Ti: Sapphire oscillator
(Tsunami 810 nm, 1.2W, 80 MHz) were focused on a 0.5 mm thick BBO crystal (8 = 40°).
Generated second harmonics (405 nm, ~40 mW) were used as pump pulses for the photo-excitation
of samples and residual fundamental pulses were used as gate pulses for the generation of the
up-conversion light. The pump pulses were focused on the sample solution in a 1-mm quartz cell
using a concave mirror. The emission from the sample was focused on a BBO mixing crystal
(typically, 0.2 mm, €= 34° for emission in 500 — 650 nm, 1.0 mm, &= 44.3° for 675 — 700 nm) via
an ellipsoidal mirror (Yamada-Kogaku-Kogyo co.) and a cutoff filter which blocks the excitation

light. The focal length of the ellipsoidal mirror is 39.5 mm from the sample and 212.5 mm from
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the BBO crystal. The gate pulses were also focused on the BBO crystal for the up-conversion
using another concave mirror. The path length of the gate pulses was set to mix with the photon
from the emission to be recorded using a delay stage with the mirrors. The angle of polarization of
the pump pulses was set by A/2 half wavelength plate to detect in magic angle. The angle of the
mixing BBO crystal was set to achieve phase matching between the gated pulses and emission in
monitoring wavelength using computer-controlled stepping motors to achieve reproducible
measurements. UV light generated in the mixing crystal was recorded by a photo-multi tube
(Hamamatsu Photonics R6353) via a monochromator (Nikon G250), an iris and band-pass filters.
The output signal was accumulated in a gated photon counter (Stanford SR400). The full width of
half maximum of the Raman scattering signal from the solution was ~160 fs when the 0.2 mm

thickness BBO was used as mixing crystal, and ~230 fs in the case of the 1.0 mm crystal.

2.2. Nanosecond time-resolved emission measurements
Emission lifetimes in the nanosecond time region were measured by photoexciting sample
solutions with the third harmonic of a Q-switched Nd*":YAG laser (355 nm, 10Hz, Surelight,
Continuum).  The emission was spectrally resolved by a grating monochromator (H20, Jobin
Yvon), and detected using a photo-multiplier (R5600u03, Hamamatsu). The transient signal from
the photo-multiplier was accumulated for 160 laser shots on a digitizing oscilloscope (TDS 694C,
Tektronix) to obtain the temporal profile of the emission intensity. The time resolution of this
measurement was ~2 ns.
2.3. Steady-state absorption and emission measurements
Absorption spectra were recorded on a commercial spectrometer (MPSInit000, Shimadzu).
Steady-state emission spectra were recorded using a labo-build emission spectroscopic system with
the excitation at 405 nm.'"® A 10 mm x10 mm quartz cell was used for the measurements at R.T.
In the case of emission measurements at 77 K, the solvents in the quartz capitally cell were
immersed in liquid N, in a quartz dewar bottle. The spectral sensitivity in the wavelength region
from ~500-800 nm was corrected using a standard lamp and Rhodamine B quantum counter.
2.4. Sample preparation
Cu-dimer was prepared with the same methods represented by the literature.*® Preparation of
Cu-monomer is described in Electronic Supplementary Information (ESI).  All measurements were
performed for air-saturated solutions. The stabilities of the sample during the measurements were
checked by comparison with absorption spectra before and after the measurements.
2.5. Theoretical calculations
The optimized geometries and excitation energies of Cu-dimer and Cu-monomer in the lowest
triplet (T,) and ground (So) states were calculated with the density functional theory (DFT) and
time-dependent DFT (TD-DFT), using a GAUSSIAN 16 program.®> DFT calculations were carried
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out using a hybrid density functional proposed by Perdew, Burke, and Ernzerhof (UPBE1PBE)® %
and a def2SVP basis set. The solvent acetonitrile was modeled as a dielectric continuum using a
polarisable continuum model (PCM). The solute was set in a cavity surrounded by a
solvent-excluded surface. All the parameters used were a default set in GAUSSIAN 16.  Phenyl
substituents on the phenanthroline ligands were omitted because the parts were found to be less

effective on the calculated parameters.

3. Results and discussion
3.1. Steady-state spectra

Absorption spectra of Cu-dimer and Cu-monomer in acetonitrile are shown in Figure 2. Both
spectra have broad and intense absorption bands located at around 400 nm. These are assignable to
metal-to-ligand charge transfer (MLCT) transitions as described in the previous works.” 8 12 49
While the MLCT band of Cu-dimer looks to be a single absorption band, Cu-monomer has a
characteristic absorption peak at 360 nm with a shoulder at 420 nm.  This indicates that
Cu-monomer has two (or more) electronically allowed transitions in this wavelength region. Thus,
it is expected that the MLCT absorption band of Cu-dimer also includes multiple absorption bands.
Fitting analysis of the absorption intensity versus wavenumber with multipeak Gaussian line shapes
function shows that the MLCT bands of Cu-dimer are not well reproduced by a single absorption
band, but well reproduced by the sum of multiple Gaussian bands. Figure S1 in ESI shows the sum
of two Gaussian bands peaked at 381 and 408 nm well reproduce the observed MLCT absorption
band in the absorption spectrum of Cu-dimer.

Emission spectra for Cu-dimer and Cu-monomer in acetonitrile solutions at R.T. and 77 K are also
shown in Figure 2. The spectra of Cu-dimer and Cu-monomer have intense broad emission bands
which have peaks at around ~600 and ~700 nm, respectively. The dominant emission bands are
assignable to emission from the SMLCT state.” As in the case of typical Cu(I) complexes with
bis-diimine ligands, the emission may include the electronic transition from 3MLCT and thermally
activated '"MCLT state, called thermally activated delayed fluorescence (TADF).% % For simplicity,
we call this band as SMLCT emission.

It is expected that substantial structural changes occur in the excited-state Cu-dimer and
Cu-monomer as in the case of typical Cu(I) diimine complexes!> 32 because there are substantial
Stokes shifts (1.0 x 10* cm™! for Cu-dimer and 1.3 x 10* cm! for Cu-monomer). The larger Stokes
shift of Cu-monomer than that of Cu-dimer indicates that the structural change for Cu-monomer is
larger than that for Cu-dimer. This is also recognized in a comparison of the emission spectra at 77
K to that at R.T. The emission bands of Cu-monomer at 77 K were observed at a much shorter
wavelength (665 nm) than those at R. T (737 nm). In the case of Cu-dimer, those at 77 K and R. T.

are close to each other (618 nm at 77 K and 635 nm at R.T.). Because Cu-dimer is a dimeric
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complex with two metal centers, the structural change in the excited state is expected to occur on
only one side and no structural change occurs on the other side. The Cu complex is linked with the
stable another Cu complex, and structural change is expected to be blocked by the stable side in

Cu-dimer.

(a) Cu-dimer
379 618 35

-
3
w
2]
(o]
@ 35
2 2
8 0
2 b) Cu- =
§ 0.2- (b) Cu-monomer 2
1.0 2

0.1 0.5

0.01205: 0.0

400 500 600 700
Wavelength / nm
Figure 2. Absorption and emission spectra for Cu-dimer (a) and Cu-monomer (b) in acetonitrile.
Numbers on the spectra indicate peak wavelengths of them. (A =405 nm. optical path length =1

mm, 3.6 x 10~* mol/dm?3 for Cu-dimer and 7.8 x 10~* mol/dm3 for Cu-monomer)

3.2. Nanosecond time-resolved emission

To observe the excited-state dynamics of the Cu complexes, nanosecond time-resolved emission
measurements were performed. The time-resolved emission spectra for Cu-dimer in acetonitrile
are shown in Figure 3. Immediately after the photo-irradiation at 355 nm, the emission band
peaked at 580 nm was observed in the early time region, and the band quickly decays within 20 ns
(Figure 3a-1). The lifetime of this emission is shorter than the time resolution of the measurement
system (~2 ns). After the decay of the short-lived emission, a broad emission band was observed at
around ~600 nm (Figure 3a-2). The emission decays mono-exponentially with a lifetime of 96.6

ns. The long lifetime (96.6 ns) indicates that the dominant excited species appearing in the later
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time region is assignable to the triplet state CMLCT). Supposing that the fastest components were
dominated by emission decay with a time constant of 8 ps (typical lifetime of the Cu complex, which
is determined by our femtosecond emission decay. see next section) and the slower one is dominated
by that of 97 ns, pre-exponential factors of the fast and the slower components were determined at
various wavelengths in 550-700 nm (Figure 3b), where wavelength sensitivity was corrected so that
the integrated emission intensity of the time-resolved emission at various wavelengths reproduce the
emission spectra of Figure 2. The corrected fast component has an emission peak of 610 nm and
the slower one (97-ns component) has a peak of 643 nm. A much higher intensity of the
short-lived emission indicates that it is assignable to the fluorescence, and the following long-lived

emission is MLCT emission.
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Figure 3. Nano-second time-resolved corrected emission spectra of Cu-dimer in acetonitrile.

(Aex =355 nm, 2.1 x 10* mol/dm?).  Solid lines are fittig curves.

3.3. Femtosecond fluorescence dynamics
The fluorescence spectrum shown in Figure 3b (red line) has a peak around ~600 nm and the peak
of the absorption band is located at ~400 nm, i.e. the Stokes shift in Cu-dimer is ~ 200 nm (~ 8.3 x

103 cm™). This suggests that the fluorescence spectrum is dominated by excited-state singlet species
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after the structural change. To observe the earlier dynamics in the singlet states including the
structural change, femtosecond fluorescence measurements were performed.  Figure 4 shows
temporal profiles of the fluorescence intensities for Cu-dimer in acetonitrile up to 10 ps upon
photoirradiation with 405-nm light at 7= 0 ps. Immediately after the photo-irradiation, short-lived
emission was recognized in the wavelength region of 475-525 nm. It decays quickly within ~0.2
ps. In the following time region, relatively long-lived emission appears in the wavelength region of
500-650 nm. Decays of the emission with a time constant of ~1 ps were observed in the wavelength
region of 550-600 nm. However, the emission intensity at around 650 nm was almost constant in
the 0-1 ps time region. In the following time region up to ~10 ps, decays of the emission intensity
at 500-650 nm with a time constant of ~10 ps were observed.  Global fitting analysis for the
temporal profiles at 475-650 nm showed that these profiles were well reproduced by tri-exponential
function with three common time constants of 0.040 + 0.012 ps, (decay at 475-550 nm and rise at

600-650 nm) 0.78 + 0.29 ps (decay at 500-600 nm), and 8.0 = 0.6 ps (decay at 500-650 nm).
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Count of photon (100 / div)

Delay time / .ps Delay time / ps
Figure 4. Temporal profiles of emission intensity (red marker) in the time region within 1 ps (a)

and 10 ps (b) for Cu-dimer in acetonitrile.  (Ax = 405 nm, 4.9 x 10 mol/dm?)  Fitting curves
(solid lines) were represented by tri-exponential function using three time constants of 0.040 + 0.012

ps, 0.78 +£0.29 ps and 8.0 £ 0.6 ps
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-1

70

4

Emission Intensity / counts « nm '+ s

500 550 600 650
Wavelength / nm
Figure 5. Femtosecond time-resolved corrected emission spectra of Cu-dimer in acetonitrile in the
time regions of (a) 0.05 - 0.30 ps (b) 0.3 - 1.0 ps (¢) 1 - 10 ps. (Aex = 405 nm, 4.9 x 10-* mol/dm?) .

Solid lines are fittig curves.

Time-resolved fluorescence spectra of Cu-dimer in Figure 5 were built from the temporal profiles
of femtosecond time-resolved fluorescence data observed at various wavelengths shown in Figure 4.
The correction of the wavelength dependence of the sensitivity of the fluorescence up-conversion

system was carried out using a reference sample (Coumarinl53)'° of which fluorescence data was

11
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recorded with the same setup using computer controlled phase matching system for the

up-conversion crystal.

Initially, the emission band with a peak at around ~520 nm appears in the femtosecond
time-resolved emission spectra.  The band decays in the time region of 0-0.3 ps with a time
constant of 0.040 ps (Figure 5a). During this decay, a simultaneous rise of another emission band
located around 600-650 nm appears, forming an emission band peaked at around ~580 nm at 0.3 ps.
In the following 0.3-1 ps time region, the emission at around 500-600 nm decayed with a time
constant of 0.78 ps (Figure 5b). In the wavelength region longer than 625 nm, emission intensity
remains almost constant in this time region. Therefore, due to the 0.78-ps process, a slight spectral
change from ~580 nm to ~600 nm with the iso-emissive point around ~670 nm was recognized in
this time region. In the following time region from 1 to 10 ps, the emission band centered at 600
nm decayed with a time constant of 8.0 ps.

Solvent-viscosity dependence of the time constants is a good marker to determine whether the
processes are dominated by structural change or not.!3  Therefore, femtosecond time-resolved
emission for butyronitrile was measured to examine the solvent dependence of emission temporal
profiles in acetonitrile (See ESI. Figure S2). The temporal profiles were also reproduced by three
time constants of 0.040, 1.4 and 7.2 ps. Only the second time constant is changed by solvent
(butyronitrile: 1.4 ps; acetonitrile:0.78 ps). Because the viscosity of butyronitrile is higher than that
of acetonitrile (butyronitrile: 0.36 mPas; acetonitrile: 0.59 mPas), it is concluded that the second
process is dominated by the structural change process.!3 221 The latest 8.0-ps process, of which
time constant is independent on the solvent viscosity, is assignable to the intersystem crossing
because the SMLCT emission was observed after the 8.0-ps decay as shown in Figure 3.

Because the excitation light induces the electronic transition to the upper excited state (the initially
excited state, Sp,i¢), the relaxation process should include an internal conversion process. However,
the time constants of the structural change and the intersystem crossing (0.78 and 8.0 ps in
acetonitrile, respectively) were slower than that of typical internal conversions of metal complexes
(faster than 0.1 ps).!> 20 21 This indicates that internal conversion from upper singlet states is
expected to be finished in the time region later than ~0.3 ps. Then, the recorded singlet species in
the time region of 0.3-10 ps is the lowest singlet excited state, S;. The 0.040-ps spectral change is
highly likely assignable to internal conversion from the Sy,; to the S; state. One of the reasons for
this is that the time constant is close to that of the typical internal conversion of the Cu(I)
complexes.!®>  This will be confirmed by considerably different radiative rate constants before and

after the 0.040-ps process as shown in the next section.

12
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0.040 ps 0.78 ps 8.0 ps
¢ ¢
S)nit — S1E; ——> 81FS
| |
| |

oo 047 o7
S \

~ .
T.IS > T.FS
1 1
Scheme 1. Proposed relaxation pathways from Sy, state of the Cu complexes. Sy : Initially
excited singlet state.  S;'S : Lowest singlet state (S;) before the structural change (initial structure)
SFS: S, after the structural change (final structure) T;'S: Lowest triplet state (T;) at the initial
structure  T;FS: Lowest triplet state (T;) at the final structure. Quantum yields of the processes are
noted near the allows (éi: Smir = Si'S; & SIS — SIS, dir: Smie = T1S; dor: SIS — TB).

Lifetimes of the S8, S,'S and S;FS are denoted above the states.

Based on the above assignments, relaxation pathways from photo-excited S, (initially excited
singlet state) are represented in Scheme 1. The S, states before and after the structural change are
Si™S and S;FS, respectively. We added paths of intersystem crossing from singlet states to triplet
states in this scheme because the processes of the S;,;;—S; and the S;—S; may compete with
intersystem crossing processes to the triplet states. Then, the yields of these two processes are
denoted as ¢ and ¢, respectively. It is worth noting that the lifetime of S!S depends on the
viscosity of the solvent indicating that it is dominated by the structural change process as mentioned
above. This fact indicates that ¢, is close to unity. Based on the model shown in the scheme, we
constructed species-associated spectra (SAS) from parameters obtained from the global fitting
analysis with the tri-exponential function for the time-resolved fluorescence data in Figure 5.
Procedures for the construction of the SAS are essentially the same as that of our previous paper.'3
The SASs of the 0.040-ps emission (blue bands at 520 nm in Figure 6), 0.78 -ps emission (green
bands at 580 nm) and 8.0 ps (red band at 620 nm) are fluorescence bands of the S;,;—S, the

S-S, and S;F3—S, transitions, respectively.

13
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Figure 6. Species-associated fluorescence and absorption spectra of Cu-dimer. Blue: 0.040-ps,

400

Green: 0.78 ps Red 8.0-ps components.  Solid lines are fitting curves for the species-associated
spectra made from the Gaussian line shape function represented in wavenumber. (A = 405 nm,
4.9 x 10* mol/dm3) Black solid line is the absorption spectrum, where dotted lines are Gaussian
line components represented in wavenumber estimated by the Gaussian multi peak fitting to the
absorption spectrum. Numbers on the spectra are peak wavelengths (nm) of the absorption or

emission bands.

The area intensity of each SAS is proportional to the product of the radiative rate constant (k;) and
the yield of each transition (e.g., @, k.,, see ESI for details). The ratio between the area intensities
of the SAS for the S;,—>So, the S;'5—>S, and S,"5—>S, transitions were estimated as 3.1: 1.0: 1.0.
We have already estimated the corrected spectra of the fluorescence and the SMLCT emission
(Figure 3b). The area intensity of the fast emission band is 140 times larger than that of the 97-ns
emission component (1.0: 0.0071), supposing the fluorescence intensity recorded in the nanosecond
time-resolved emission spectra is dominated by the most long-lived fluorescence component, 8.0-ps
components. Therefore, supposing ¢ is also close to unity, & of the Sy, Si'S, SiFS and TS are
estimated to be 3.1 : 1.0 : 1.0 : 0.0071. Using k; of T;FS (1.8 x 10° s'!) evaluated from the
emission quantum yield (0.041) and its lifetime (1.3 x 10* s1),%  k, for the electronic transition
from the Sy, Si™ and S to the ground state are estimated as 5.6 x 10° s, 1.9 x 10° s”! and 1.8 x

10% s! respectively.  The considerable difference between k; of the 0.040-ps component (the

14
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Smit—>So transitions, 5.6 x 10° s1) and that of the 0.78 -ps component (the S;—S, transitions, 1.9 x
10% s) confirms that these two emitting components are originated from different electronic states
(St and Sp).  On the other hand, the similarity in k; for the 0.78 -ps and the 8.0-ps components (1.9
x 109 s and 1.8 x 10° s'") confirms that these are related to the same electronic states (S;'S and S;F9).

The absorption band of the Sj;<S; and S;<-S, transitions are estimated from multi-peak
Gaussian line shapes function to the absorption spectrum, (Figure 6) so that these are mirror images
of emission bands of Sy,;—S, and the S;'S—S, transitions, respectively. ks of the Sy;<—S, and
S-S, transitions at the ground-state structure evaluated from these absorption bands using the
Strickler-Berg equation are 3.1 x 107 s' and 1.1x 107 s°1, respectively.!® It is somewhat larger than
those estimated from the time-resolved emission intensities, but still, it roughly agrees with
experimental errors in estimating absorption bands and time-resolved emission intensities.  This
supports the validities of our analysis for the emission and absorption spectra and the assignments of
the fluorescence bands and ¢, = ¢, = 1.

Evaluated photophysical parameters are listed in Table 1. It is worth noting that the orders of the
time constants for the internal conversion, the structural change and intersystem crossing resemble
those for the fluorescence decay dynamics of [Cu(dmp),]* and its derivatives, respectively (0.040 ps
(internal conversion), 0.66 ps (structural change) and 7.4 ps (intersystem crossing) for [Cu(dmp),]*

in dichloromethane), confirming our assignments. '3

Table 1. Photophysical parameters for Cu-dimer in acetonitrile.

States Absorption Emission
Vibs / 103 cm! k./ 107 71 f Vem/ 103 cm! k. /1007 7/ ps
Shnit 26.22 3.1° 0.041 19.62 5.6 0.040 £ 0.012
S 2458 1.1b 0.016 18.12 1.9 0.78 +0.290.78
SyfS - - - 17.58 1.8 8.0+0.6

- - - 16.0? 0.013¢ 9.7 x 10*

a: Results of Gaussian fitting based on absorption or emission intensity represented by
wavenumber.

b: Half of the absorption intensity was used to evaluate emission from the dimer complex because
the absorption intensity of the dimer is contributed from both two moieties of Cu complexes but the
emission is exhibited from one moiety.

c: Estimated from emission quantum yield and emission lifetime for Ar purged solution in ref.49.
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3.4. Excited state dynamics of Cu-monomer

Femtosecond fluorescence temporal profiles of Cu-monomer were successfully measured as
shown in Figure S3 and Figure S4. Obtained time constants from the global fitting analysis of them
were 0.040 £ 0.01 ps, 0.77 £ 0.31 ps and 8.0 + 2.7 ps as shown in Figure S5 with their SAS. The
time constants are very close to those of relevant processes for Cu-dimer though the shift due to the

0.77-ps spectral change looks to be larger than that of the 0.78-ps process of Cu-dimer (Figure S5).

3.5. Theoretical calculations.
3.5.1. Absorption spectrum

The excited states of the Cu complexes were calculated by the TD-DFT method at the ground
state structure. In the calculation, the mononuclear complex (Cu-monomer) was selected as a
model system because its spectroscopic features resemble those of Cu-dimer as well as the ultrafast
dynamics. The ground state structure of Cu-monomer is close to the crystal structure (See ESI).
Four electronic transitions have MLCT characters in the wavelength region around 400 nm. (in
Figure S6, details of the electronic transitions with relevant MO are also shown.) Two absorption
bands with high intensities are found at 368 nm (f'= 0.034) and 429 nm (f'= 0.032) in the calculated
absorption data. The upper excited state at 368 nm is characterized by HOMO-2 - LUMO electronic
transition and the lower one at 429 nm is by HOMO-LUMO transition. Their ks are 1.64 x 107 s7!
and 1.17 x 107 7!, respectively, which are close to those estimated from the absorption bands shown
in Figure 6 (3.1 x 107 and 1.1 x 107 s'!, respectively), supporting these states correspond to S;,; and
S1'S, respectively.
3.5.2. Structural Change Dynamics

The emission peak of Sy is located at 2.43 eV (19600 cm™'), while the absorption peak is located
at 3.34 eV (26900 cm!).  The Stokes shift (0.91 eV, 7300 cm!) at the Sy, state indicates that there
is an earlier structural change process in the Sy,;; state through spectral change due to the structural
change in the Sp,;; was not recognized in the time-resolved fluorescence spectra (Figure 5). This
indicates that the structural change in the Sy is too fast to record the relevant emission spectral
changes with the fluorescent up-conversion system. We call this earlier structural change in the
Smit an ‘initial structural change’.  After the initial structural change, the Sy,; relaxed to S;'S state
with the internal conversion. In the S; state, another structural change occurs from S;™ to S;FS with
a time constant of 0.78 ps (slight red shift of the fluorescence from 578 nm to 610 nm, see Fig. 6).
We call the 0.78-ps structural change ‘following structural change’.

To elucidate the excited-state structural changes of the Cu complexes, the theoretical calculation
for Cu-dimer and Cu-monomer was performed for ground state (Sy) and excited state structure (T)
as shown in Figure 7. The optimized structures of the ground state were obtained to be close to that

of the crystal structure.*® It is found that the frontier orbitals in this structure well represent that the
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HOMO-LUMO transition has an MLCT character (Figure 7). SCF energy of the ground state (GS)
and T, (AEy, 0-0 excitation energy) are estimated for Cu-dimer and Cu-monomer with their
reorganization energy of the structural changes (Ay) as shown in Figure 8. AEy and Ay for
Cu-dimer are larger (2.44 eV and 0.65 eV) than those of Cu-monomer (2.14 eV and 0.60 eV) as
expected from the larger Stokes shift of Cu-dimer than that of Cu-monomer (Figure 2).
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Figure 7. Results of the theoretical calculation for Cu-dimer. (a) Frontier orbitals of Cu-dimer.

(b) Structures around the phenanthroline plane and Cu-P-P plane angles of Cu-dimer in GS and T,

4_ ........................ P e g 3 4_ ........................ B T i 1
|Cu—dimer 3 5 5 Cu—monomer | : 5

Potential Energy / eV
Potential Energy / eV

Figure 8. Calculated potential energy diagram of Cu-dimer and Cu-monomer in the ground state
(So) and the lowst triplet state (T;). Q is reaction coordinate related with structural change by the
photo excitation. AEy: 0-0 excitation energy between Sy and T,. Ay reorganization energy at Sy of

the structural changes Q.

We found two considerable structural differences between those of Sy and T, in this calculation.
One is a flattening distortion due to the Jahn-Teller distortion of the Cu complex induced by the
change from Cu(l) to Cu(Il) by the MLCT transition. In the T, excited state, the dihedral angle
between the phenanthroline plane and Cu-P-P plane in Cu-dimer is 50.2°, whereas that of the ground
state is 59.0° as shown in Figure 7. (In the case of Cu-monomer, the angle is 71.1° at Sy and 61.0° at
T.)

The other one is a structural change in the ligand in the phosphine moiety. The sums of the three
bonding angles of C-P-C were estimated to evaluate the degrees of change of phosphine moiety.
For the ground state, that in Cu-dimer are 307.7° ~ 308.4°, while two of them are 311.5° in the
excited triplet state. Because the excited-state character has some contributions from metal to P

charge transition, structural change related to the C-P bond is induced. It is worth noting that the
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sum of the three bonding angles of C-P-C is 308.2° ~ 309.2° in the ground state for Cu-monomer,
which is almost the same as that of Cu-dimer. In the case of the excited state, that is 315.4° in the
Cu-monomer.

The flattening distortion is assignable to the ‘following structural change’. In the case of Cu(I)
bis-diimine complexes, the structural changes of Cu(I) bis-diimine complexes were found to be
affected by the viscosity of the solvents. As mentioned above, the rate of the ‘following structural
change’ is also dependent on the solvents, indicating that it is assignable to the flattening distortion.
The time constants of structural change of Cu-dimer and Cu-monomer are ~0.7 ps, which is almost
the same as that of flattening structural change of [Cu(dmp),]" in acetonitrile (0.34 ps) in order level,
supports the assignment. The time constants of flattening structural change of Cu(I) diimine
complexes are known to be dependent on the bulkiness of the ligand substituents. For example,
those for the structural change are 0.34 ps for [Cu(dmp),]* and 0.2 ps of [Cu(phen),]* in acetonitrile
solutions.!’>  Therefore, the somewhat longer time constants for the flattening in Cu-dimer and
Cu-monomer (0.78 ps) than those for the simple bis-diimie Cu(I) complexes such as [Cu(dmp),]*
(0.34 ps) are due to the bulkier ligands of the Cu-dimer and Cu-monomer than those of the
bis-diimie Cu(I) complexes.

The ligand structural changes in C-P-C bond angles are assignable to the ‘initial structural change’.
Since the P-opening structural change is not sterically hidden, it quickly occurs in the excited state.
We estimated the structural relaxation energy in the ligand structure as 0.479 eV for Cu-dimer by
calculation of the SCF energy extracted from the calculated structures of GS and T,. The
experimentally recorded initial Stokes shift (AE) at Sy is 7300 ecm™! (0.91 eV, see Table 1),
suggesting that reorganization energy in the initial structural change is ~0.46 eV (AEy / 2). This
well accords with the calculated reorganization energy in the ligand (0.479 eV) and supports that the
initial structural change is dominated by the structural change of the P-opening in the ligand.

The reorganization energy related to the structural change was estimated at 0.602 eV for Cu-dimer
(Figure 8). This is the change of potential energy due to total structural changes (mainly, the sum
of the flattening structural change and the ligand structural changes in C-P-C bond angles). The
reorganization energy in the ligand moiety (0.479 eV) indicates that the decrease of potential energy
by structural change in the ligand (P-opening) is larger than that in the flattening structural change in
[Cu(D)(N-N)(P),]" type complexes.

Finally, the relaxation scheme after the Sy«—So photo-excitation in Cu-dimer with
experimentally determined excitation energy of the transition states and time constants of the
relaxation processes is represented in Figure 9.  After the photo-excitation of Sp,;«—S, transition,
fast structural change in ligand moiety occurs at the Sy, state. After it relaxed to the S; state with a
time constant of 0.040 ps, flattening structural change occurs with a time constant of 0.78 ps.  After

that, intersystem crossing occurs in the flattening Cu-dimer with a time constant of 8.0 ps, which
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yields triplet Cu-dimer at the flattening structure. Finally, it relaxed to the ground state with a time

constant of 97 ns.

A Initial Structural
Change in Ligands

Internal
Conversion Intersystem
Flattening b
40fs Structural Change Crossing
> 4 _| Absorption 9 8.0
o = 720 fs L. o.Ups
— ) | \ Emission .
= Init § \ ;‘ Py
& S, | S —
o — T,(97 ns)
L
= 2 333 2.43
= 224 216 1.98
o
S Y Y
o
od Somdl— | -
Calecd. Recrg
Energy = 0.48 eV

Figure 9. Relaxation process from Sy,; state in Cu-dimer. Numbers near the arrows

representing their electronic transitions are excitation energy of which the unit is eV.

4. Conclusion

Ultrafast relaxation processes of [Cu(I)(N-N)(P),]" were investigated by time-resolved emission
spectroscopy. The relaxation process was well reproduced by the tri-exponential function with the
three-time constants, e.g. 0.040, 0.78 and 8.0 ps in the case of Cu-dimer. These time constants were
assigned to the internal conversion, flattening structural change and intersystem crossing to the
triplet state, respectively.  These assignments are well consistent with photophysical parameters
such as the oscillator strengths estimated from the absorption and emission spectra. While the rates
of the flattening structural change for Cu-dimer and Cu-monomer were close to each other, they are
slower than that of [Cu(dmp),]*.!3 This indicates that the bulkiness of the linked ligands well
suppresses the structural change process.

The change of potential energy due to the flattening structural change of Cu-dimer is smaller than
that of Cu monomer though the time constants are close to each other. The small change of energy
due to the structural changes should be one of the key points for the potential of the photosensitizer
of the photo-reduction of CO,, because the quantum yield of Cu-dimer (smaller structural change) is
higher than that of Cu-monomer (larger structural change).#” The theoretical calculations revealed
that the decreases of potential energy by structural changes in the ligands (P-opening) in Cu-dimer
and Cu-monomer are larger than that in the flattening structural change in Cu-dimer, which contrasts
with homoleptic Cu(I) complexes such as [Cu(dmp),]".!*>  Because photo-conversion systems
require higher excitation energy of the excited-state photosensitizer, suppressing the initial structural

change is important for the development of the system using heteroleptic [Cu(I)(N-N)(P),]*.¢7
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