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The structural dynamics of charge-transfer states of nitrogen-ligated copper complexes has been extensively
investigated in recent years following the development of pump—probe X-ray techniques. In this study we
extend this approach towards copper complexes with sulfur coordination and investigate the influence of
charge transfer states on the structure of a dicopper() complex with coordination by bridging disulfide ligands
and additionally tetramethylguanidine units [Cu'>(NSSN),J?*. In order to directly observe and refine the
photoinduced structural changes in the solvated complex we applied picosecond pump—probe X-ray
absorption spectroscopy (XAS) and wide-angle X-ray scattering (WAXS). Additionally, the ultrafast evolution of
the electronic excited states was monitored by femtosecond transient absorption spectroscopy in the UV-Vis
probe range. DFT calculations were used to predict molecular geometries and electronic structures of the
ground and metal-to-ligand charge transfer states with singlet and triplet spin multiplicities, i.e. So, *MLCT and
SMLCT, respectively. Combining these techniques we elucidate the electronic and structural dynamics of the
solvated complex upon photoexcitation to the MLCT states. In particular, femtosecond optical transient
spectroscopy reveals three distinct timescales of 650 fs, 10 ps and >100 ps, which were assigned as internal
conversion to the ground state (S, — So), intersystem crossing *MLCT — 3MLCT, and subsequent relaxation
of the triplet to the ground state, respectively. Experimental data collected using both X-ray techniques are in
agreement with the DFT-predicted structure for the triplet state, where coordination bond lengths change
and one of the S-S bridges is cleaved, causing the movement of two halves of the molecule relative to each
other. Extended X-ray absorption fine structure spectroscopy resolves changes in Cu-ligand bond lengths
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1 Introduction

In the chemistry of life copper plays an important role being a
core part of many essential metalloenzymes." Among copper
active sites the mononuclear blue Cu site and the binuclear Cuy,
site participate in electron transfer processes with unusually
high rates."” It was suggested that copper-sulfur interactions
play a crucial role in their function, where the polarisable
nature of sulfur serves in tuning electronic properties and
reactivity."”? In the past few decades there have been many
efforts in the field of bioinorganic chemistry for synthesising
and characterising complexes which could serve as model
compounds for these enzymes.*™* In order to understand the
mechanism of their function, orbital structures of many copper
enzymes and their model complexes were analysed both experi-
mentally and theoretically.”>™® Charge transfer that occurs
during the catalytic cycle of a copper enzyme can be modelled
by optical excitation of the metal-to-ligand or ligand-to-metal
charge transfer states in a mimetic copper complex. Structural
changes that accompany such photoinduced charge transfer
typically occur on nanosecond timescales or faster and can thus
be monitored almost exclusively by pump-probe time-resolved
techniques. Hard X-ray methods, such as picosecond time-
resolved K-edge X-ray absorption spectroscopy (TR-XAS) and
time-resolved wide-angle X-ray scattering (TR-WAXS), are directly
sensitive to the structures of excited states also in the case of
dilute solutions. These techniques are still under development
mainly driven by rapid progress of synchrotron sources, optical
and X-ray lasers and data acquisition technologies.”®™* 1t is
noteworthy that copper compounds were among the first systems
investigated by these techniques. In particular Cu-bisphenantro-
line complexes have served as model compounds for X-ray as well
as UV-Vis time-resolved spectroscopic studies.>*> It was shown
that upon photoexcitation with visible light the metal-to-ligand
charge transfer (MLCT) transition occurs and the oxidation state
of copper formally changes from +1 to +2. Such an alteration of
the electronic configuration of copper - from closed-shell 3d*° to
3d° - gives rise to significant structural changes of the complex.
The excited state is subject to pseudo-Jahn-Teller distortion,>***
and the flattening of the complex from Cu(i)-preferred pseudo-
tetrahedral geometry in the direction of the formal Cu(u)
square-planar arrangement occurs on sub-ps timescale. Another
characteristic feature of copper complexes is relatively slow (in
comparison with other transition metal complexes, such as Fe,
Ru, Cr*®) intersystem crossing (ISC) to the triplet state *MLCT
that in some cases competes with visible fluorescence due to the
relaxation of "MLCT to the ground state.’” From *MLCT both
non-radiative and emissive decays are possible, depending on
the electronic structure of the particular complex due to different
ligand substituents, the degree of flattening, and on the solvent.
It was observed that in many Cu complexes the phosphorescence
lifetime is shortened in donating solvents, and there is dispute
in the literature concerning the coordination of the solvent
molecule to the flattened excited state.”**”*® Some recent TR-XAS
experiments and molecular dynamic simulations on the model
complex suggest the lack of complexation and rationalise the
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lifetime shortening by a decrease in *MLCT energy and ISC
yield in donating solvents.?® The copper complex investigated
in this work bears certain similarities to Cu-bisphenantrolines,
such as copper coordination by sp*-nitrogens. At the same time
additional coordination by sulfur causes specific interactions
influencing the excited state structure. In particular in the
context of structural responses to electronic excitations within
biologically relevant Cu/N/S systems, coordinated disulfide
groups offer ideal conditions as electrons sink due to their empty
antibonding sigma orbitals. What is more, many biorelevant and
functional materials contain two or more copper atoms in a
molecule. In particular, some dicopper complexes demonstrate
attractive photoemissive properties making them a promising
material for organic light-emitting diodes (OLEDs).>* However, to
the best of our knowledge, no ultrafast studies on dicopper
complexes have been reported. Both factors, Cu-S interaction
and the presence of two metal atoms in the complex, make this
study an interesting contribution to the emerging field of
structural dynamics studies and to the knowledge of biologically-
relevant ET-coupled structural changes.

2 Experimental section
2.1 Materials

The investigated compound [Cu,(TMGphS-SphTMG), X, (X = OTf,
PFg, TMG: tetramethylguanidine) was synthesised as described in
ref. 14. The details of characterisation by X-ray single crystal
diffraction, elemental analysis, UV-Vis and IR spectroscopy, SQUID
and cyclic voltammetry are also presented therein. Due to the
presence of basic guanidine nitrogens and the labile Cu-S bonding,
the choice of solvents suitable for handling the complex is limited to
solvents that are polar, aprotic and non-coordinating. Following
these criteria, 1,2-difluorobenzene (DFB) and dichloromethane
(DCM) were chosen for the experiments. The compound is also
stable at high concentrations in acetonitrile (ACN) and demon-
strates better radiation damage stability in this solvent, which
was also used for the experiments. Grades of the used solvents
were: acetonitrile (ACN) from Carl Roth, 99.98%, Ultra LC-MS,
for luminescence and TA; from Sigma-Aldrich, anhydrous,
99.8%, for TR-XAS; dichloromethane (DCM), HPLC grade,
non-stabilised, from Carl Roth (stored under an inert atmosphere),
for luminescence and TA; 1,2-difluorobenzene (DFB), 98%, from
Thermo Fisher Scientific, Acros Organics and ChemPur, for TR-XAS
and TR-WAXS. All solvents were used as purchased.

2.2 Steady-state absorption and emission

UV-Vis steady state absorption spectra were measured using
a Shimadzu UV-3600 spectrophotometer. The luminescence
experiments were performed using an Ocean Optics 65000
spectrometer as well as using a home-built time-correlated
single-photon counting setup.*® The complex was excited with
light pulses in the range of 360-410 nm. However, it does not
show any measurable luminescence at 400-900 nm at room
temperature in solution, so no more experimental details
are given.
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2.3 UV-Vis transient absorption (TA)

The TA measurements were performed in the ELI-Beamlines
facility in Dolni BfeZzany, Czech Republic. The TA setup was
based on an amplified Ti:sapphire laser, which was used to
generate the pump and probe pulses. The 400 nm pump pulses
at 1 kHz had a total energy of about 2.5 pJ and a diameter of
about 0.4 mm at the sample position. White light continuum
pulses used as a probe were generated in a CaF, rotating plate
and had a spectral range of 340-750 nm. The probe and pump
beams were focused and overlapped on the quartz sample cell
with 1 mm path length. Several scans were averaged and for the
background removal the data recorded before excitation were
subtracted from all the spectra. The instrumental response
function of ~120 fs was estimated measuring the stimulated
Raman amplification signal from the solvent. All experimental
data were corrected for the group velocity dispersion (GVD),
and global decay analysis was used to obtain the time constants.
The measurements were done on [Cu,(NSSN),|(OTf), and
[Cu,(NSSN),|(PFs), in three solvents: dichloromethane, aceto-
nitrile and 1,2-difluorobenzene. The studied compounds were
dissolved at a concentration of 4-6 x 10~* M corresponding to
an OD of ~0.4-0.6 at the pump wavelength. UV-Vis steady state
spectra of the compound were registered before and after the
measurements to control the integrity of the sample. More
detailed technical description of the experimental setup is
given in ESL¥

2.4 Steady state X-ray absorption spectroscopy (XAS)

Two steady-state XAS data sets were acquired: [Cu,(NSSN),](OTf),
as a solid and as a solution in acetonitrile. The XAS experiments
of the solid [Cu,(NSSN),](OTf), at the Cu K-edge (8979 eV) were
performed at the XAS beamline of the synchrotron ANKA
(Angstromquelle Karlsruhe) in Karlsruhe (Germany) at ambient
temperature. The spectra were collected in transmission mode
with a maximum beam current of 180 mA by application of a
Si(111) double crystal monochromator. The sample was diluted
with boron nitride and a Cu foil was measured simultaneously
downstream for energy calibration. The Cu K-edge XAS spectra of
the 10 mM solution of [Cu,(NSSN),](OTf), in acetonitrile were
measured at the European synchrotron radiation facility (ESRF)
beamline BM23 in Grenoble (France) with a maximum beam
current of 200 mA at ambient temperature using a Si(111) double
crystal monochromator. Due to the low concentration of copper,
experiments were carried out in fluorescence geometry. To enable
energy calibration and to exclude energy drifts of the beamline, a
Cu foil spectrum was registered directly before and after the
sample measurements. Energy calibration was carried out by
referencing the first inflection point of the Cu foil spectrum to
8979 eV.

2.5 Time-resolved (100 ps) X-ray absorption spectroscopy
(TR-XAS)

The TR-XAS measurements were performed at the beamline
P11 of Petra III synchrotron in Hamburg, Germany. The setup is
described in detail in ref. 23. The measurements were performed
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on 5 mM [Cuy(NSSN),](PF), ACN and 5 mM [Cu,(NSSN),|(OTf),
DFB solutions. Different solvents were used in order to compare
the behaviour of the complex in a coordinating and a non-
coordinating solvent. However, due to S/N problems the DFB
XAS data could not be analysed further and therefore no further
experimental details are reported. The X-ray beam for the
experiment was monochromatised to energy resolution of
dE/E = 1.3 x 10~* with the Si(111) crystal and focused to
10 pm using two Kirkpatrick-Baez (KB) mirror systems. The
excitation was performed using the 343 nm third harmonic of
the pulsed fs laser PHAROS from Light Conversion. The laser
was operated with a frequency of 65 kHz which corresponds to
half of the Petra III roundtrip frequency. The sample was
delivered using a cylindrical 300 um liquid jet; laser pulse
energy was 3 pJ; the spot size on the jet was ~300 pm (adjusted
to the jet diameter). The detection was done in fluorescence
mode using an avalanche photo diode (APD) installed perpendicular
to the X-ray beam. The normalisation was performed with the
second APD which collected the X-rays scattered from a Co foil
placed several cm after the jet. The absorption by copper at the
energies above the absorption edge at the given concentration
and jet thickness was negligible (~0.3%) and allowed us to
work in this geometry. UV-Vis steady state spectra of the
compound were registered before and after the measurements
to control the integrity of the sample.

2.6 Time-resolved (100 ps) wide-angle X-ray scattering
(TR-WAXS)

The TR-WAXS measurements were performed at beamline ID09
of the ESRF synchrotron, Grenoble, France. The description of
the pump~-probe setup at beamline ID09D is given elsewhere.*'*>
The sample was prepared as a 4 mM solution of [Cu,(NSSN),|(OTf),
in DFB. The sample solution was delivered via a 300 um flat sheet
jet from a sapphire nozzle providing a flow speed of approximately
3 m s ! to ensure the complete sample exchange between
consecutive pump-probe events at a repetition rate of 1 kHz
of the experiment. The solution was regularly refilled with a new
solvent to compensate for evaporation. Excitation was performed
using the 400 nm frequency doubled output of the Ti:sapphire
amplified system (Legend Elite, Coherent Inc.) with a frequency
of 1 kHz and a pulse length (FWHM) of ~1 ps. To avoid non-
linear absorption and saturation effects the laser pulse energy
was set to a low value of 20 pJ. Single X-ray pulses (~100 ps
FWHM, 18 keV, 3% bandwidth “pink” beam) generated from the
U17 undulator were selected using a mechanical chopper system
to reduce the repetition rate to 1 kHz. The size of the laser spot on
the sample was measured using a pinhole and was determined
to be 120 x 150 pm (2 X v). The size of the X-ray beam was 90 x
60 um (7 x v). The scattered X-rays were collected using a Rayonix
MX170-HS CCD detector with 3840 x 3840 pixels in 2 x 2-pixel
binning. The detector was placed 38 mm behind the liquid jet. A
cylindrical tungsten beamstop of 1.5 mm diameter was used to
block the direct beam in front of the detector. The 2D scattering
images upon 1.5 s exposure were collected for 18 different
time delays between the laser and X-ray pulses in the range from
—300 ps to 1 ps. After every three images a reference image was
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taken at a nominal delay of —3 ns corresponding to the non-
excited sample. In total about 3500 images were acquired which
results in approximately 150 repetitions for each pump-probe
delay. The scattering contribution of the DFB solvent to the total
difference scattering signal was additionally measured in a
separate TR-WAXS measurement with the same setup using the
solution of an azobenzene dye (4-[(4-bromophenyl)diazenyl]-N,N-
diethylaniline, CAS 22700-62-5) as proposed in ref. 43.

Cu Ko emission was recorded using a 1 m diameter Rowland-
circle spectrometer arranged in the horizontal plane with a
Si(111) analyzer crystal ((444) reflection) and a silicon drift
detector with a multichannel analyser to additionally suppress
the elastic background. A He-filled tank was installed in the
path of emitted X-rays to avoid absorption and scattering by air.
The measurements were performed by scanning the analyser
Bragg angle near 79° in order to span the energy range of the Cu
Koy peak (~ 8048 eV). In total 35 scans were performed; certain
spectral points were sampled 51 times.

2.7 DFT calculations

Density functional theory (DFT) calculations were carried out
using the implementation of gaussian 09.** The most frequently
used hybrid functional B3LYP*"*” and a more recent meta hybrid
functional TPSSh*® were applied to calculate the geometrical and
electronic structures of the ground state and the lowest charge-
transfer triplet state T; (*MLCT). Excitations and geometrically
relaxed singlet excited states were addressed using time dependent
(TD)-DFT*® and a computationally feasible cc-pVDZ® basis set.
More precisely, the calculations were performed by solving the
Casida equations within every step of a structural relaxation of the
specific excited-state.”® For the evaluation of excitation spectra
triple<{ basis def2-TVZP**"* was applied. Both basis sets included
polarisation functions. Additionally, the influence of different
solvents® was examined using a continuum solvent model.>®
Vibrational frequencies were checked for the ground state to
ensure a true minimum. These concepts have been shown to
result in reliable excited-state properties for the system within
the copper-sulfur or related copper-oxygen chemistry.'®>°

3 Results and discussion
3.1 Molecular and electronic structure

3.1.1 Ground state. The binuclear Cu(1) complex under
study is the cation [Cu,(TMGphS-SphTMG),]** (further referred

S, (ground state)
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to as Cu,(NSSN),). Its molecular structure was already obtained
by a crystallographic study as discussed in detail in ref. 14.
Briefly, it consists of two copper atoms, which are connected by
two disulfide bridges to form a six-membered ring in a twisted
conformation as shown in Fig. 1. Two sulfur atoms take part in
the formation of a tetrahedral coordination polyhedron together
with two nitrogen atoms from tetramethylguanidine ligands
(TMG). TMG has strong donor properties and strong basicity
and is a part of various ligand systems.”””® The ground-state
structure of the molecule has D, symmetry. The compound was
synthesised with two counter-anions - OTf and PFe .

The critical parts of the complex for its photoreactivity are
Cu-N and Cu-S bonds. Nyyg shows sp® hybridisation, like N,
and the Cu-Nrpy distance determined from X-ray diffraction
(av. 2.02 A) is close to Cu-Np, coordination (2.01-2.07 A)***°
and shorter than typical for Cu(1)-NR; (2.16(9) A).°° Several
examples reporting complexes existing in both Cu(r) and Cu(u)
forms>**#° all have a shorter Cu-N bond length for Cu(u) than
for Cu(1). The same trend is observed when Cu(u) is created by
photoexcitation of Cu(1).2° For Cu(i)-disulfide coordination the
Cu-S distance was reported to be within 2.20-2.37 A.”*>°! Our
complex with 2.28-2.30 A falls in this range. Cu(u) complexes
tend to have 4+1 or 4+2 coordination with axial bonds elongated
or shortened due to pseudo-Jahn-Teller distortion.*® For Cu(m)-
disulfide bonds in axial coordination the span of covered Cu-S
bond lengths is 2.68 A to 3.28 A in ref. 62-66. For a Cu(u)-
disulfide linkage with a rare case of seemingly equal six Cu-ligand
bonds®” Cu-S is within 2.46-2.57 A, which is longer than that
characteristic of Cu(1)-disulfide. However, for Cu(u) with
equatorially bound radical disulfide (S,™*) a much shorter
distance of 2.27 A was reported.®® For several complexes of
Cu(1) and Cu(un) with the same aliphatic thiolate NS; ligands
Cu(1)-S bonds were reported to be 2.26 A, whereas Cu(u)-S - was
2.37-2.38 A.°° This broad variance in Cu(u)-S distances makes
it difficult to predict the direction of the Cu-S bond length
change upon photoexcitation.

The DFT-calculated structures of the ground state show good
agreement with the crystallographic data in terms of intraligand
distances (see Table 1); however, the calculated Cu-ligand bond
lengths are consistently longer. Xc-functional and basis set
combination TPSSh/def2-TZVP results in a better match to the
crystallographic distances compared to B3LYP/cc-pVDZ. Including
the solvent in the calculation (DFB) results in a slight shortening of
Cu-ligand distances (less than 0.01 A) and in a better match in the

T, (excited triplet state)

s < ? N
~N" —\
BAs S0y A
\ \Cu Y / § />( ;:4\ 5
/ \ -
\S S \N }\l \ \&( \ 7\'/

.
@ /\

f/
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Fig. 1 Left: Scheme of [Cu(NSSN),I2*; right: calculated geometries of the ground state and SMLCT (lowest triplet state). Hydrogen atoms are omitted

for visual clarity.
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Table 1 Comparison of crystallographic data and calculation results for
selected bond lengths for Cu,(NSSN),. Sg and T, are calculated using the
TPSSH functional. For crystallographic bond lengths the average of all
corresponding bond lengths in the molecule with their standard deviations
is given. The last column contains the structural changes of the respective
bonds upon excitation to the triplet state

DFT(TPSSh/def2-TVZP)

Bond Crystallography, A So, A dR(T;-S,), A
Cu-N 2.021 £+ 0.010 2.070 —0.040, 0.008
Cu-S 2.288 + 0.011 2.315 —0.079, 0.035
S-S 2.126, 2.137 2.180 0.029, 3.063
Cu-Cu 3.941 4.133 0.662

S-Cpn 1.778 £ 0.012 1.764

N-Cpn 1.386 £ 0.013 1.398

N-Crme 1.349 =+ 0.006 1.334

Cph=Cph 1.411 +£ 0.010 1.416

UV part of the spectrum (ESL7 Fig. S1). Since TPSSh/def2-TZVP is
more suitable for TM complexes and shows a better match with
the crystallographic data, these calculation results were further
used for data modelling.

The DFT-calculated singlet GS electronic structure is shown
in Fig. 2. This complex has two close-lying LUMO orbitals with
strong S-p contribution (o* of two disulfide bridges) that are
significantly lower in energy than LUMO+2 and further orbitals.
Both orbitals have a large anti-bonding character equally
distributed over both S-S bridges. They mainly differ by the
character of Cu-3d contribution: for the LUMO it has the d,,
shape, whereas for LUMO+1 — d_.. Transitions from the HOMO
and the HOMO—n with strong Cu 3d contribution occur to the
LUMO and the LUMO+1 and account for a broad absorption
band centered at 415 nm with ¢ ~ 10* M~" cm™". The electron
is excited from an orbital located on both copper atoms, thus
creating a formally Cu,™”" state. Further in the UV region there
are strong absorption bands due to intraligand transitions as
well as MLCT Cu — N (ESL, Fig. S1).

3.1.2 Excited state. As a benchmark study the calculations
of the possible excited state singlet structures were performed
for all significant excitation channels in the MLCT range,
resulting in 13 excited state structures. The calculated structures
originating from different excitation channels significantly differ
from each other structurally and energetically. All the structures
have in common strong S-S bond elongation for one or both S-S
bonds, since the electron is excited to an antibonding orbital
localised on the disulfide bridges.

With the temporal resolution of the transient synchrotron-
based experiments (70-100 ps) we expect that we will only observe
the complex after it underwent ISC to the triplet state as it
normally happens for copper complexes on a faster time-scale
(<30 ps).***°° The structural parameters of the calculated
lowest triplet state T; are summarised in Table 1. The orbital
spectra of T; are compared to the singlet S, in Fig. 2. Single
occupation of one antibonding disulfide c* leads to the S-S
bond breaking, causing the movement of two halves of the
molecule relative to each other and increase of the Cu-S-S-Cu
torsion angle from 67° to 99° (see Fig. 1). The other S-S bond is
slightly elongated, and there are symmetric changes in coordination
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Fig. 2 Molecule orbital spectra of Sy (left) and T; (right) in their equilibrium
structures, respectively. Occupied states are depicted in black, unoccupied
- red.

bond lengths on both copper atoms. In comparison with
Cu-bisphenantroline complexes® quite small flattening of
the coordination polyhedron occurs - the angle between ligand
chelate planes changes from 89° to 75° on both copper atoms.

Interestingly, the cleavage of the disulfide bridge for Cu,(NSSN),
can be achieved not only via photoexcitation, but also chemically by
addition of chloride ions.™ In the resulting Cu,(NS),Cl, complex
both copper atoms have the oxidation state of +2, and S-S is cleaved
creating two thiolate bridges.

3.2 Optical transient absorption

In order to obtain an insight into the ultrafast processes in the
photoexcited complex, femtosecond transient absorption experi-
ments were carried out upon excitation at 400 nm. Time-resolved
spectra were recorded in the spectral range 350-670 nm and
timescale 0-1 ns in DFB, ACN and DCM. Typical transient
absorption spectra of Cu,(NSSN),(PFs), in DFB at different
times following excitation are depicted in Fig. 3. Quite similar
transient absorption spectra were obtained for other solutions.
The corresponding time constants are similar within the experi-
mental error and are gathered in the ESL,{ in Table S4.
Femtosecond excitation leads to the formation of a spectrum
composed of three characteristic bands (spectrum at 0.45 ps,
Fig. 3A). The negative band around 430 nm is located in the
region of the ground state "MLCT absorption (compare Fig. S1,
ESIt) and is attributed to the ground state bleaching (GSB),
whereas the positive band with the maximum at 370 nm as well
as featureless broad absorption extending above 500 nm are
ascribed to excited state absorption (ESA). Regarding DFT
calculations and the experimental ground state absorption
spectrum of the studied complex (see above), the excitation at
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Fig. 3 Transient absorption spectra of Cu(NSSN),(PF¢), in DFB recorded
at different time delays after femtosecond excitation at 400 nm.

400 nm corresponds to the one of the higher singlet excited
state S,. Global fit analysis (see Fig. S20 in ESI{) of the time
dependent spectral evolution reveals the existence of three
steps (Fig. 3) characterised by three different time constants.
During the first few picoseconds all the bands decrease
simultaneously (Fig. 3A) by about 60% in intensity without
significant shifts and shape variations revealing ultrafast
deexcitation to the ground state with a time constant of about
650 fs. Since no emission was observed for the studied complex,
this decay is attributed to non-radiative internal conversion
(IC). 1t shows that the conformation in the higher excited
singlet states has strong coupling with the ground state of
the complex. The remaining excited species evolve with a time
constant of 10.6 ps exhibiting the blueshift of the broad ESA
band with a concomitant redshift and a decrease in the
intensity of GSB and the second ESA band (see Fig. 3B). Such
a time constant of about 10 ps was reported as intersystem
crossing (ISC) to the triplet *MLCT state in various homoleptic
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and heteroleptic copper complexes.***””%”! The further spectral
evolution exhibits a redshift and a decrease of intensity with
a time constant >100 ps. This step can be ascribed to the
beginning of further structural changes in the triplet state and
radiationless decay to the ground state as designated in TR-XAS
and TR-WAXS experiments reported below. The limited accuracy
for this decay time constant is due to the limited pump-probe
time delay (~1 ns) accessible in our experiments which cannot
be extended to the whole kinetics. Apart from IC and ISC,
vibrational relaxation in the excited state and ground states
can contribute to the observed signal. This phenomenon can
take place in quite wide timescales (100 fs to 100 ps) depending
on the complex structure and on the solvent. For TM complexes
IC, VR and rearrangement of the solvation sphere are typically
convoluted and only the average time constant for all these
processes is observed.”” In order to disentangle the individual
ultrafast processes the set of additional purposeful experiments
would have to be performed.

The performed transient absorption experiment allows us,
by judging from the relevant timescales, to conclude on the
arrival of the excited complex to its triplet state (ISC). Thus, with
the temporal resolution of the TR-XAS and WAXS measurements
reported here we could only observe the triplet excited state. This
information is important for narrowing down the set of candidate
structures provided by DFT to only triplets to be considered as the
starting structure for optimization.

3.3 Ground state EXAFS

Before the pump-probe experiments were performed, steady-state
X-ray absorption spectra of [Cu,(NSSN),](OTf), were measured in
the solid state and in a 10 mM solution in acetonitrile. The EXAFS
spectra of both look almost identical, which confirms that the
complex is intact at this concentration in the acetonitrile solution
and there are no or only negligible influences of coordinating
acetonitrile molecules visible (ESL Fig. S2). Since the spectrum of
the solid [Cu,(NSSN),](OTf), has better data quality, the EXAFS
analysis was carried out based on these data. The data and the fit
are shown in Fig. 4. Data reduction was performed in Athena,”
EXAFS fitting was done in horae Artemis,” using Feff85L.”* The
crystallographic structure was used as the model, fitting was done
in k-space for k= 3-16 AL Only non-structural parameters (Soz, E,,
“Debye-Waller” factors ¢”) were fitted, since the crystallographic
structure was used to construct excited state models. The list of
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Fig. 4 EXAFS spectra and best fit in k- and R-space of [Cu,(NSSN),]1(OTf),

(solid).
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scattering paths and the fitting parameters are given in the ESL, in
Table S1. The fit and the extracted parameters (“Debye-Waller
factors” ¢* and amplitude reduction factor S,>) were further used
for the fitting of TR-EXAFS data.

In order to assure the validity of this analysis, fitting
including structural parameters was performed for both solid
and liquid samples as reported in the ESIL.{ Two different
software packages (Artemis and ExCurve’®) and approaches to
data modeling (3D structure and shell-by-shell adding atoms)
were used. The Cu-S and Cu-N distances obtained using two
software packages are in agreement with each other and match
the crystallographic distances within their uncertainties.

3.4 Pump-probe XAS

In order to observe the structural changes occurring upon
photoexcitation, pump-probe XAS experiments were carried
out. Fig. 5 shows the edge region of the Cu K-edge absorption
spectrum of the complex. The edge position (maximum of the
first derivative at 8981.1 eV) and shape (shoulder at 8985.5 eV,
assigned as 1s — 4p transition) correspond to four-coordinated
Cu(1).”®”” Upon photoexcitation with 343 nm light pulses strong
changes are observed in the XANES spectrum. The transient
signal, shown in Fig. 5, has a double minimum corresponding
to the disappearance of two edge shoulders due to the edge shift
to higher energies for Cu(u). This fact was used to estimate the
excited state fraction (vide infra). At the same time a small positive
preedge feature emerges at 8978 eV which in the literature is
assigned to the 1s — 3d(+4p) transition which is characteristic of
Cu(u) with non-centrosymmetric coordination.”””°

The laser-pumped spectrum has contributions of both
ground and excited state spectra. In order to extract the ES
spectrum, the knowledge of the relative contribution of the
excited state spectrum (excited state fraction f) is necessary. In
order to estimate it the edge shape for the GS spectrum was
modelled as a sum of an error function and two pseudo-Voigt
peaks centered at 8982.4 eV and 8985.4 eV (see the ESI,T Fig. S7).
We expect that the transition at a lower energy (8982.4 eV)
should not be present for a Cu®** compound. However, since
upon photoexcitation only one electron is transfered per two
copper atoms, the electron density loss is divided between
them, and a more realistic estimation is that a 50% decrease
in the intensity of the edge peak at 8982.4 eV would correspond
to the excited state spectrum. This condition is satisfied for

1.0

0.5

Absorption (norm.)

0.0 n.
— Ground state
—0.5 e : [ | transient- 50 |
8980 9000 9020 9040
Energy [eV]

Fig. 5 XANES spectrum of the ground state (solid Cu,(NSSN),(OTf),) and
the transient spectrum at a delay of 80 ps (5 mM solution in acetonitrile).
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f = 0.074, which is a lower-border estimation for f. For more
details refer to the ESI.{

3.4.1 Transient EXAFS. The transient signal in the XANES
part of the spectrum is much stronger than in the EXAFS.
However, quantitative modelling of XANES may be difficult,
and for EXAFS the theory for quantitative structural analysis is
established. In our experiments the data quality allowed us to
perform analysis of the transient XAS in the EXAFS energy
range. The analysis is based on comparing in the energy space
the experimental transient Ay..,(E) with a series of simulated
transient EXAFS spectra calculated as

Afeate-(E) = f (" (EG”) =1 (EG®), 1)

as applied in ref. 80 and 81. S,> and “Debye-Waller factors” o>
retrieved from the GS fit are used to calculate 5"5(k), which is
recalculated into the energy space with the energy Eg° corres-
ponding to k = 0. The precise value of Eg° is not known, and the
chemical shift dE = E§> — E§° is one of the fitting parameters.
The chemical shift is caused by the change of the electronic
density on copper upon the MLCT transition. Since the structural
changes in the triplet state are symmetric on both copper atoms,
we expect that they have the same chemical shift. For some
Cu(N,) complexes this shift (estimated from the shift of the
K-edge in XANES spectra on the half of the edge jump) was
found to be 3-3.5 eV.>*”® Due to high covalency of Cu-S bonds
and loss of one electron per two copper atoms, the chemical
shift for Cu,(NSSN), should be smaller than that observed for
Cu(N,) complexes. In the fitting procedure dE was varied from
—1 eV to 5 eV with 0.1 eV steps. Another parameter that has to
be fitted is the ES fraction f. We estimated its lower border value
to be f=0.074. However, the presence of two copper sites makes
it difficult to predict the edge position and shape of the
ES spectrum, and f was varied as an independent parameter
from 3% to 20% with 0.5% steps. As demonstrated above,
the crystallographic structure reproduces the static EXAFS
measurement of the GS much closer than the DFT-calculated
structure for both the solid powder and the solvated sample.
Therefore, the crystallographic structure was used as the GS
model for the analysis of the time-resolved data hereafter.
Accordingly, the DFT-predicted structure of the ES is also
expected to be different from the experimental one. Therefore,
the initial model for the excited triplet state, T{", was constructed
from the GS crystallographic structure by applying the following
relative transformations to the respective inter-atomic distances.
That is, the Cu-N and Cu-S bond lengths of the crystallographic
GS structure were modified by the same relative amount as they
change between the DFT-predicted structures of the ground and
the triplet T, states, as illustrated in Fig. 1. We note that the
ligands of the molecule can be separated into four structurally
equal parts, each including TMG, phenyl and one sulfur of the
disulfide bridge. For each copper the set of scattering paths
significantly contributing to the EXAFS signal entirely belongs
to such ligand parts with the exception of the two sulfur atoms at
r = 3.4-3.7 A and the second copper at r = 3.9 A. For the
construction of the candidate ES structures these four ligand
parts were moved independently as fixed units. In the first step
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each ligand unit was moved in the Cu-S-N plane along the Cu-N
vector to a certain Cu-N distance. In the second step the ligand
was rotated in the same plane around the coordinating N-atom
until the necessary Cu-S distance was reached. The structural
modifications were performed on both copper atoms indepen-
dently, without changing the Cu-Cu distance. The structure
obtained this way was denoted as T{". In order to perform the
structural refinement, additional ES structures were constructed
along the transformation path Sg* — T{" with the configurational
coordinate Q changing from 0.5 to 1.5 representing the relative
bond length changes such that the structure of the T{' state
corresponds to Q = 1.0. The S-S bond cleavage in the triplet state
is accompanied by movement of two halves of the molecule
relative to each other. As a result the distance from copper to
atoms belonging to the other half of the molecule grows, as well
as the variance in the distance. Therefore the contributions of
scattering paths Cu-Cu and one of Cu-S (at r = 3.4-3.7 A) were
removed from the excited state. With these prerequisites y(k) was
then calculated for both copper atoms in the ES with the
amplitude reduction factor So> = 0.5. For each parameter set (Q,
dE) y(k) was recalculated into y(E). The theoretical transient for a
set of ES fractions fwas then calculated according to eqn (1), and
the yreq” estimator was used as a measure of agreement between
the calculation and the experiment as reported in the ESL{ The
fitting results are presented in Fig. 6.

The global minimum of y.q> is found for Q = 1.17°%,
dE = 1.4"%2 eV and f= 10"°%. (The errorbars cover the 68.3%
confidence interval.) It corresponds to the following bond
length changes: Cu-N = —0.046(6) and +0.0099(13) A, Cu-S =
+0.040(5) and —0.091(12) A (see Fig. 8). It should be noted that a
very small error bar on one of the Cu-N bond lengths (0.0013 A)
stems from our fitting model (the only structural degree of
freedom is Q) and does not directly reflect sensitivity of the
method. Sensitivity of EXAFS to distances to the first shell
atoms can be on the order of 0.01 A. The strongest change in
the bond length happens to Cu-Sgjeaveq: it shrinks to unusually
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short for a Cu-S bond length of 2.19 A. However, a similarly
short Cu-S bond (2.22 A) is observed in the compound
Cu,(NS),Cl, obtained from Cu,NSSN, by chloride-induced
reductive cleavage of the S-S bond.'* The values for the excited
state fraction and the energy shift are in good agreement with
the expectations.

According to the DFT predictions, the overall molecular
structure in the triplet state is greatly perturbed compared to
the GS since one of the S-S bridges is broken. In the solution
phase therefore the two equal parts of the complex around the
Cu atoms may significantly move with respect to each other.
EXAFS is an element specific photoelectron technique with a
limitation of structural sensitivity up to distances of 3-4 A for
molecules with low symmetry structures like Cu,(NSSN),. For
this complex the Cu-Cu distance is 3.9 A in the ground state
and increases in the excited state. Thus the Cu-Cu distance or
large relative movements of the two parts of the Cu,(NSSN),
molecule cannot be reliably probed via transient EXAFS only.
On the other hand, the elastic scattering technique like WAXS
provides a global probe of the overall structure capable of
detecting large structural deformations involving long inter-
atomic distances.

3.5 Time-resolved Wide-angle X-ray Scattering (TR-WAXS)

The time-resolved wide-angle X-ray scattering (TR-WAXS) method
has been successfully applied to many systems in solution photo-
chemistry over the past decade.””*>** The difference scattering
between the laser-excited and the ground state samples contains
contributions from changes in the solute structure, from rearran-
gements of the solvation shell and from changes in the thermo-
dynamic state of the surrounding solvent, ie. variations in
temperature and density. The technique essentially serves as a
global structural probe covering various length-scales of changing
inter-atomic distances during laser-induced reactions and thus
provides information complementary to the ‘“local” element-
specific X-ray absorption spectroscopy. Compared to EXAFS, the
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Fig. 6

(a) Best transient EXAFS fits for structures along the S§" — T{' transformation path Q. The best-fit parameters are given in Table S3 in the ESI.

(b) 7req® as a function of the T§" structure for dE = 1.4 eV and different excited state fractions of 7-14%. The global minima of y,eq° for each structure are
marked with black dots. The dashed black lines denote the confidence levels of 68.3, 95.5 and 99.7% calculated with fixed optimal values of f and dE. The
confidence region for (Q, dE, f) parameter space is shown in the ESI,{ Fig. S10.
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Fig. 7 S(q) and best fits for two structures with different torsion angles Cu-S-S—Cu. Left: Torsion angle 102°, in the global minimum of z,.4°. Right:

Torsion angle 71°.

global sensitivity of WAXS offers information also on variation
of large distances. A TR-WAXS experiment was carried out on
Cu,(NSSN),(OTf), solution in DFB as described in the experi-
mental section. The difference scattering signal as a function of
momentum transfer g at 100 ps delay is shown in Fig. 7. The

. 4 . (20 ,
momentum transfer is represented as g = — sin <7>, where /4
is the X-ray wavelength and 20 is the scattering angle. Unlike
XAS, the elastic X-ray scattering technique has no element
selectivity and therefore is generally sensitive to all interatomic
distances present in solution. Within the chosen analysis frame-
work the laser-induced response of the solvent bulk is obtained
empirically within a reference measurement as reported in the
experimental part while the changes in the solute-solvent
interatomic distances, or the solvent cage term, are neglected.
The TR-WAXS signal component originating from the structural
changes in the solute molecule was modelled using a set of
candidate structures of the triplet ES and the crystallographic
structure for the GS. However, the refinement of the configurational
coordinate Q alone, as applied for the transient EXAFS data, is
insufficient for accurate description of the solute scattering signals
since changes in the overall structure of the complex have to be
considered and not just in the first coordination shell of Cu as
imposed by varying Q. In this respect for the Cu,(NSSN), complex it
is essential to account for changes in relative positions of the two
halves of the molecule around each copper. For each structure used
in the transient EXAFS analysis, i.e. for a set of Q values along
the S§" — T{' path, one of the S-S bonds in the complex was
used as a rotation axis of the two isostructural entities of the
molecule relative to each other (see Fig. 1). Such modification is
motivated by the structural trend of the DFT prediction for the
triplet state. In this way the second structural parameter, the
Cu-S-S-Cu torsion angle ¢, is added to the refinement procedure
of the TR-WAXS data. The range for ¢ variation is chosen from
52° to 144°, limited by the GS value and the arising steric
hindrance of further ligand movement within the molecule,
respectively. The goodness of the fit was judged by the values

6282 | Phys. Chem. Chem. Phys., 2018, 20, 6274-6286

of the y.q” estimator. For detailed description of the signal
modelling and data fitting procedures refer to the ESLt yreq” as
a function of the structural parameters demonstrates a strong
dependence on the Cu-S-S-Cu torsion angle ¢ (see the ESI T
Fig. S14 and S15b). The minimum of rea” is found at ¢ = 102° +
2°, as compared to 99° predicted by DFT (see Fig. 8). On the other
hand, the y,.q> estimator does not exhibit any significant depen-
dence on the configurational coordinate, Q (ESLt Fig. S15a). This
is explained by small relative changes in the Cu-ligand bond
lengths with varying Q (see Table 1). The largest change upon the
coordination bond refinement for Q = 0.5-1.5 occurs on one of
the Cu-S bonds and amounts to about 0.08 A or ~3% of the
absolute bond length. In contrast, the relative rotation of two
parts of molecules, i.e. variation of ¢, causes changes of some
interatomic distances by several A. According to the Debye
equation, the elastic scattering is most sensitive to inter-atomic
distances between the heaviest atoms in the molecule.®> The
sensitivity roughly scales as multiplication of the two atomic
numbers. Therefore, changing the Cu-Cu distance gives the
strongest contribution to the difference scattering. Moreover,
since this distance is relatively long (compared to the Cu-ligand
distances) the limited g-range of the experiment will accom-
modate a larger number of structural oscillations of the scattering
signal greatly increasing the fit confidence and selectivity to the
Cu-Cu distance compared to the shorter Cu-ligand distances. A
quantitative illustration of the changes in the interatomic dis-
tances between Cu and ligand atoms upon different structural
refinement is given in the ESL in Fig. S18 and S19. The effect of
these particular changes in the atomic position on the calculated
difference scattering from the solute, AS(q)solute, demonstrates the
contrasting sensitivity of the y.q> to variations in ¢ and Q (see
the ESLt Fig. S17). The configurational coordinate, Q, has a
weak influence on AS(q)soruce affecting mostly the signal amplitude,
whereas changes in the torsion angle, ¢, cause strong modifications
in the overall signal shape.

Comparing the two fits in Fig. 7 it appears that for the
given experimental conditions the structural sensitivity is most
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pronounced in the g-range of 2.5-4.5 A™*. At lower q values the
solvent response dominates the signal, and starting from the
g =4.5 A7 no oscillations can be distinguished within the noise.
Further optimisation of the experimental conditions towards
using solvents with weaker heating response and maximising
the excited state fraction may help in enhancing the structural
sensitivity of the method providing higher confidence in refinement
of the ES structure. Moreover, achieving a better signal-to-noise
ratio at higher g, where contributions of solute and solvent have
comparable amplitudes, would further improve the structural
resolution.

3.6 Lifetimes of the excited state from the time-resolved XAS
and WAXS experiments

The transient spectra for both TR-XAS and TR-WAXS experi-
ments were registered for a set of pump-probe delays. From
these measurements the lifetime of the triplet excited state
could be extracted. For TR-XAS the transient signal at 8982.3 eV
(the biggest amplitude of the signal) was registered at delays up
to 6 ns. For TR-WAXS the excited state fraction was extracted
from fitting the data at pump-probe delays from 100 ps to
20 ns. Only the optimised structure of the solute ES was used in
the fit, since there was no indication of the solute-related signal
shape evolution within the range of delays, as shown in the
ESI,T in Fig. S16. Both kinetic traces are shown in Fig. S13 in the
ESL.t The data sets were fitted using a model of exponential
decay to a constant offset, convolved with the Gaussian
X-ray probe pulse, as described in the ESI.{ TR-XAS data yield
7, = 1.53 £ 0.04 ns lifetime for ACN solution. The lifetime in
DFB, obtained from TR-WAXS, is 2.9 + 0.7 ns. This observation
is in agreement with the general trend that lifetimes of excited
states of molecules in a more polar and coordinating solvent
(ACN) are shorter.>® However, with the low precision of deter-
mination of the lifetime in DFB, as well as different experimental
conditions for two solvents, it is difficult to make reliable conclusions
about the solvent effect. In the literature about Cu-bisphenantroline
complexes the question of solvent coordination in the excited state is
widely discussed.”>”" The driving force for exciplex formation is
flattening of coordination polyhedron and preference of Cu(n) for the
5- and 6-coordinated states. TR-EXAFS and TA measurements were
performed in a coordinating solvent, acetonitrile, which potentially
could form an exciplex with the excited state of Cu,(NSSN),.
However, DFT predicts only small flattening of the copper
coordination polyhedron—from 89° to 75° (angle between ligand
chelate planes). It does not seem to be feasible that a solvent
molecule could coordinate copper in this geometry. However, we
have not addressed this question in more detail.

3.7 Summary and discussion of the photoexcitation cycle

Based on the results presented above, we elucidate the main
steps in the photocycle and structural dynamics of solvated
Cu,(NSSN),, as shortly summarised below and in Fig. 8.

The main MLCT absorption band in the UV-Vis spectrum
(3d(Cu) —» o*(S-S)) shows a maximum at 410-420 nm. As evident
from the UV-Vis transient absorption spectra, after exciting this
MLCT transition with 400 nm photons at least 60% of the excited
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Fig. 8 Schematic representation of the states involved in the photocycle
of Cu,(NSSN), derived from the results of transient optical and X-ray
measurements. The right panel illustrates main structural changes asso-
ciated with the T, triplet state formation as extracted from the time-
resolved X-ray experiments. The bottom structure shows the changes in
copper-ligand bond lengths in A compared to the ground state structure
extracted from the TR-EXAFS analysis. The top structure shows the torsion
angle Cu-S-S—-Cu coupled to the rotation between the two halves of
Cux(NSSN), around the S-S bond extracted from the TR-WAXS analysis.

molecules undergo fast radiationless deexcitation to the ground
state with ~650 fs time constant. This ultrafast decay competes
with transitions to the lowest singlet state S;. The remaining
fraction of the excited species undergoes further evolution with a
lifetime of 11 ps which we assign as ISC to the triplet state
SMLCT. In this state DFT predicts strong structural changes,
which were followed by the 100 ps time-resolved synchrotron-
based experiments, TR-XAS and TR-WAXS. The combination of
these techniques gives access to different structural degrees of
freedom of the excited state of the Cu,(NSSN), complex. In
particular, TR-EXAFS yields the following Cu-ligand distance
changes (symmetric on both copper atoms): Cu-N = —0.046(6)
and +0.0099(13) A, Cu-S = +0.040(5) and —0.091(12) A as shown in
Fig. 8. The energy shift d& = 1.4°%% eV and excited state fraction
f=10.0"%%% are in agreement with estimations (0 < dE < 3 eV,
f = 7%). The TR-WAXS fit was not sensitive to the refinement of
the coordination bond lengths in the excited state. However, it
showed strong sensitivity to the value of the torsion angle
Cu-S-S—-Cu coupled to the relative movement of the two halves
of the molecule, which was beyond the sensitivity of TR-EXAFS
data. This angle was found to be 102° & 2° as shown in Fig. 8
(compared to 99° predicted by DFT). Thus, TR-XAS and TR-WAXS
applied in this work complemented each other and allowed us
to evaluate the most relevant structural changes occurring in
the photoexcited state. For a solution at room temperature, the
T, — S, transition follows the non-radiative pathway, therefore
its lifetime could not be measured in a luminescence experiment
and was extracted from both X-ray experiments in different solvents.
The solution of Cu,(NSSN), in ACN (TR-XAS) demonstrates a
lifetime of 1.53 £ 0.04 ns, while DFB solution yields a lifetime of
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2.9 + 0.7 ns (TR-WAXS), as shown in Fig. S13 in the ESL.¥ The
fact that the resulting lifetimes are quite similar, as well as small
flattening of the coordination polyhedron predicted by DFT, do
not support the assumption of solvent coordination in the
excited state. However, the long-lived component of the excited
state transients extracted from both XAS and WAXS for the two
solvents indicates the formation of another metastable state,
T/, that could be associated with partial intercalation of solvent
molecules in the space between the two halves of the solute in
its triplet state. In order to better address this question, a TA
experiment in the ns regime (laser flash photolysis) could be
performed under the same experimental conditions for different
solvents. It should be noted that the performed experiments are
not directly sensitive to the S-S bonding. In order to probe the
cleavage and recombination of this bond directly, it could be
interesting to perform a TR-XAS experiment on the sulfur K-edge
as recently reported in ref. 84 and 85.

4 Conclusions

In this work we studied the effect of the photoinduced metal-to-
ligand charge transfer on the local environment of copper and
the global shape of the molecule in a dicopper complex with
disulfide and guanidine ligands Cu,(NSSN),. Photoexcitation in
the blue part of the visible spectrum populates an antibonding
orbital of the disulfide bridge, causing S-S bond cleavage,
which is reversible since the complex remains bound via the
second disulfide bridge. The long-term air and radiation stability
makes Cu,(NSSN), a good model to study S-S bond cleavage and
recombination. At the same time, photoexcitation of a MLCT
band models electron transfer from metal to ligands, which is
relevant for the biological function of certain Cu-S enzymes. In
particular for Cu,(NSSN), the charge transfer causes conversion
from disulfide to thiolate coordination. Disulfide-thiolate inter-
conversion is frequent in nature where it is found as one of the
mechanisms of formation of the tertiary structure of proteins and
protection of cells from oxidative stress.®® For this copper model
system the disulfide-thiolate conversion can be achieved by both
population of the antibonding orbital of the S-S bridge via
photoexcitation and by chemical reaction with chloride ions.'*
This work demonstrates that combining time-resolved X-ray
absorption spectroscopy and wide-angle X-ray scattering has
great potential for studies of photoinduced changes in molecular
systems in solution. This is one of the first studies where these two
structurally-sensitive methods are applied together to investigate
the photochemistry of a dinuclear copper complex providing
insight into different structural aspects of the excited state.
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