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 Photosensitizers

The Coordination Behaviour of Cu' Photosensitizers Bearing
Multidentate Ligands Investigated by X-ray Absorption

Spectroscopy
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Stefanie Tschierlei,’) Wolfgang Frey,” Xiaoyi Zhang, Michael Karnahl,*® and

Dooshaye Moonshiram*™’

fAbstract: A systematic series of four novel homo- and het-
eroleptic Cu' photosensitizers based on tetradentate 1,10-
phenanthroline ligands of the type XANANAX containing
two additional donor moieties in the 2,9-position (X=SMe
or OMe) were designed. Their solid-state structures were as-
sessed by X-ray diffraction. Cyclic voltammetry, UV-vis ab-
sorption, emission and X-ray absorption spectroscopy were
then used to determine their electrochemical, photophysical
and structural features in solution. Following, time-resolved
X-ray absorption spectroscopy in the picosecond time scale,

-

coupled with time-dependent density functional theory cal-
culations, provided in-depth information on the excited
state electron configurations. For the first time, a significant
shortening of the Cu—X distance and a change in the coordi-
nation mode to a pentacoordinated geometry is shown in
the excited states of the two homoleptic complexes. These
findings are important with respect to a precise understand-
ing of the excited state structures and a further stabilization
of this type of photosensitizers.

/

Introduction

Considerable attention is currently being paid to develop
novel technologies to harvest and to store energy in a sustain-
able fashion." For instance, the solar light-driven splitting of
water for hydrogen fuel production is a promising alternative
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to fossil fuels due to their rapid depletion and concomitant en-
vironmental pollution."“? Hence, the design of light-driven de-
vices composed of organic, inorganic or hybrid materials that
can mimic natural photosynthetic processes is extremely desir-
able.’! An essential component of such systems is the light-
harvesting chromophore, analogous to the photosynthetic
pigments, which can absorb the energy of the incident pho-
tons. Consequently, the light energy is converted into an elec-
tronically excited state™? for the creation of a charge-separated
state that helps to generate the required thermodynamic driv-
ing force for subsequent catalytic reactions.

Commonly used molecular photosensitizers traditionally
contain precious and scarce 4d or 5d transition metals such as
Platinum,” Ruthenium,“*¢® Rhenium” or Iridium."*"® The
widespread application of these compounds is explained by
their broad absorption, suitable redox potentials for the required
electron transfer to the catalytic centre, sufficiently long excited-
state lifetimes and reasonable photostabilities. However, over
the past decades, a range of noble metal-free photosensitizers
based on earth-abundant metals such as copper**® chro-
mium® % and zinc®* " appeared, with the aim to bring these
light-harvesting molecules into more practical applications. 242
In particular, heteroleptic diphosphine-diimine Cu' complexes of
the type [(PAP)CU(NAN)I* (where PAP represents a diphosphine
and NAN a diimine ligand) received significant attention.”'
These heteroleptic Cu' complexes are especially suited due to
the modular nature and great variety of their ligands,®" 1213214
which can be easily tuned to modify the resulting redox poten-
tials, photostabilities and excited state properties.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The main aims in the ongoing tailoring of Cu' photosensitiz-
ers lie in enhancing the (photo)stability, achieving reversible
redox events and in influencing the coordination geometry of
the excited states. In the present study the latter issue should
be tackled by multidentate diimine ligands, which contain two
additional donor sites. This design strategy might enable them
to occupy an open coordination site around the Cu centre
upon photoexcitation.!"3# %!

Towards this goal, two new 1,10-phenanthroline ligands of
the type XANANAX, that contain two additional donor moieties
in 2,9-position (with X=SMe or OMe), were developed to in-
vestigate the coordination behaviour of multidentate ligands
on the corresponding homo- (C1 and C3) and heteroleptic (C2
and C4) Cu' complexes (Scheme 1). Both, C2 and C4, possess
the bulky and rigid xantphos (xant), as this diphosphine ligand
was shown to enable beneficial properties such as long-lived
excited states resulting in high photocatalytic activities.?«*"

A combination of standard characterization techniques in-
cluding cyclic voltammetry, UV-vis absorption and emission
spectroscopy were used to provide a comprehensive analysis
of the basic electrochemical and photophysical properties of
C1-C4. The solid-state structures were assessed through X-ray
diffraction (XRD) and their electronic configuration as well as
structural conformation in solution were further determined
through X-ray absorption near edge structure (XANES) and ex-
tended X-ray absorption fine structure analysis (EXAFS). Impor-
tantly, time-resolved X-ray absorption spectroscopy (tr-XAS) in
the picosecond time regime coupled with time-dependent
density functional theory (TD-DFT) calculations was applied to
describe the photophysical processes occurring upon conver-
sion of the initial Cu' complexes into the excited states. This
multi-method approach provided valuable insights into the
role and impact of an additional donor moiety on the excited
states of the homoleptic complexes C1 and C3 (Scheme 1).
Furthermore, comparison of C2 and C4 (Scheme 1) with the
previously characterized heteroleptic Cu' complex [(xant)Cu(-
Me,phenPh,)]PF, (xant=xantphos and Me,phenPh,=bathocu-
proine) allowed to evaluate the influence of the additional
donor moiety X in terms of their steric and electronic effects.
In consequence, this study gains insights into the ground and
excited state coordination behaviour of Cu' complexes that
contain multidentate ligands.

homoleptic

heteroleptic

X X=SMe=C1
OMe = C3

Scheme 1. General structures of the homo- (left) and heteroleptic (right) Cu'

complexes C1-C4 investigated in this study. The numbering on the left side
presents the different substituent positions at the 1,10-phenanthroline
ligand.
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Results and Discussion

Synthesis and structural characterization

The two novel ligands L1 and L2 (Scheme 2) were prepared by
a two-step procedure. Starting from 2,9-dimethyl-1,10-phenan-
throline the 2,9-dibromomethyl-1,10-phenanthroline was syn-
thesized using a literature known protocol."® The dibrominat-
ed product was then reacted via nucleophilic substitution with
sodium thiomethoxide or sodium methoxide, respectively, to
yield L1 and L2 in 95 and 83 % (Scheme 2).

& = Br I\ X

X = SMe, 95 %, L1
OMe, 83 %, L2

Scheme 2. Preparation of the phenanthroline derived ligands L1 and L2
with additional donor functionalities in 2,9-position. Conditions: i) NBS,
MecCN, 24 h, reflux and ii) HPO(OEt),, THF, 24 h, 0°C to rt.

The homoleptic complexes C1 and C3 were subsequently
obtained by reacting [Cu(MeCN),JPF, with two equivalents of
the respective ligand L1 and L2 in dichloromethane solution
as previously reported.'* The complexes were received as red
solids in 81% (C1) and 43% yield (C3). In contrast, the hetero-
leptic complexes C2 and C4 were synthesized by first introduc-
ing the xantphos ligand, followed by slow addition of the
corresponding phenanthroline derivative L1 or L2 according to
a standard method.?“*" As a result, C2 and C4 were obtained
as yellow solids in 53 and 78 % vyield, respectively (see the syn-
thesis and characterization details in the Supporting Informa-
tion).

In a next step, the compositions and structures of all
compounds were comprehensively characterized by 'H, C,
*'P NMR spectroscopy (Figures S1-54), high resolution mass
spectrometry (Figures S5-S8) and elemental analysis. The ana-
lytical data obtained are in accordance to the proposed struc-
tures (Figure S9 and Table S1). A further characterization of the
ground state structures was carried out by using XRD tech-
niques (Figure 1). To this end, suitable single crystals were re-
ceived for C2, C3 and C4 by layering a dichloromethane solu-
tion of the respective complex with ethanol and n-hexane.

The subsequent structural analysis revealed a distorted tetra-
hedral geometry around the copper centre for all three com-
pounds, which is commonly observed for these types of com-
plexes.?<*417 The tetrahedral angles of €2, C3 and C4 demon-
strate a significant variation from the ideal tetrahedral angle of
109.5° (Table 1). On the one hand, the homoleptic complex C3
exhibits slightly larger tetrahedral angles ranging from 110°-
140° compared to C2 and C4, which possess a range from
103°-128°. On the other hand, for the heteroleptic complexes
C2 and C4 the additional donor moieties (SMe or OMe) do not
largely impact the structural arrangement. No significant differ-
ences were observed compared to the bond lengths and

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Solid-state structures (ORTEP representation) of the complexes C2,
C3 and C4 (from top to bottom) with thermal ellipsoids at a probability
level of 50%. Hydrogen atoms, counter anions and solvent molecules are
omitted for clarity.

angles of the previously reported heteroleptic complex [(xant)-
Cu(Me,phen)]PFg (with Me,phen=2,9-dimethyl-1,10-phenan-
throline, that is, X=H instead of SMe or OMe)."® Lastly, the
crystal structure of C3 illustrates a slightly more distorted struc-
ture than C2 and C4. For instance, C3 exhibits a torsional
angle of 80.35° between the two phenanthroline planes in
comparison to the two heteroleptic complexes C2 and C4
which only have torsional angles of 84.53° and 87.11°, respec-
tively.

Interestingly, further examination of the bond lengths and
angles of C3 shows that one oxygen atom (i.e. O3, Figure 1) of
the OMe group points towards the copper centre, while the
three other oxygen donor moieties point away. The respective
Cu—0 distance (Cu—03: 316.8(2) pm) is significantly shortened
compared to the three other Cu—O distances (403.6(2) to
479.3(2) pm) and indicates that there is a weak interaction be-
tween the copper centre and one of the additional donor
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Table 1. Selected bond lengths (in pm) and angles (in °) of the com-
plexes C2, C3 and C4 in the solid state (XRD measurements). The respec-
tive CCDC reference numbers are 1970787 (C2), 1970790 (C3) and
1970791 (C4)."!

Homoleptic c3 Heteroleptic c2 c4
[Cu(L),]PFg [(PAP)Cu(NAN)IPF4

Cu—N, 201.3(2) Cu—N, 211.7(4) 211.2(3)
Cu—N, 211.1(2) Cu—N, 211.1(3)  210.4(2)
Cu—N; 206.2(2) Cu—P, 225.6(1) 225.7(4)
Cu—N, 204.3(2) Cu-P, 231.1(1)  229.9(9)
Cu—X, 403.6(2) Cu—X, 509.1(2) 476.1(3)
Cu—X, 479.3(2) Cu—X, 473.1(1) 477.8(2)
Cu—X, 316.8(2)

Cu—X, 465.9(2)

N;-Cu-N, 81.78(9) N,-Cu-N, 799(1)  79.7(0)
N;-Cu-N, 81.57(8) P,-Cu-P, 115.14(4) 117.14(3)
N;-Cu-N, 127.43(9) N;-Cu-P, 119.3(1)  127.84(7)
N;-Cu-N, 139.50(9) N,-Cu-P, 106.3(1)  100.58(7)
N,-Cu-N, 119.35(9) N,-Cu-P, 129.1(1)  120.94(7)
N,-Cu-N, 110.07(8) N,-Cu-P, 100.9(1) 103.05(7)
N-N-N-N® 80.35 P-P-N-N®! 84.53 87.1

The XRD of C1 was not determined as no single crystals were available.
[a] Torsional angle between the two ligand planes. [b] Deposition num-
bers 1970787 (C2), 1970790 (C3), and 1970791 (C4) contain the supple-
mentary crystallographic data for this paper. These data are provided free
of charge by the joint Cambridge Crystallographic Data Centre and Fa-
chinformationszentrum Karlsruhe Access Structures service

atoms in the ground state. In contrast, all SMe and OMe donor
moieties in the heteroleptic complexes C2 and C4 point away
from the copper centre maintaining the typical distorted tetra-
hedral and four-fold coordination.

DFT optimization calculations on the ground state were fur-
ther carried out using the BP86 functional as elaborated in the
supporting information in Figure S14 and Table S2. The aver-
aged theoretically determined Cu—N distances for C2, C3, and
C4 are 200, 206, and 206 pm (Table S2), respectively, in close
agreement with the experimentally determined distances from
XRD data analysis (206, 212, and 211 pm for C2, C3 and C4, re-
spectively). The theoretically determined Cu—P distances for
the heteroleptic complexes C2 and C4 further showed Cu—P
distances of 222 pm (Table S2), which are in line with the ex-
perimentally extracted distances of 225-231 pm for C2 and C4
(Table 1). Importantly, the theoretically determined structures
for the homoleptic complexes C1 and C3 display one short-
ened Cu—X distance which points towards the copper centre
(Figure S14, Figure 4). This is in contrast to the heteroleptic
complexes where all the donor moieties point away. The struc-
tural orientations and theoretically observed trends observed
for the homo- and heteroleptic complexes within the first co-
ordination sphere agree well with data from XRD analysis. This
illustrates that the DFT optimization methods can be further
employed for the comparison of the local structural conforma-
tion of the ground and excited states through EXAFS analysis.

Photophysical and electrochemical characterization

The UV-vis absorption spectra of all complexes display a sharp
absorption band around 280 nm (Figure 2), which is attributed

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. UV-vis spectra (attenuation coefficient) of the A. homoleptic com-
plexes C1 (black) and C3 (green) in acetonitrile. Inset: Enlargement of the
MLCT region. B. heteroleptic complexes C2 (red) and C4 (blue). Inset: En-
largement of the MLCT region.

to ligand centred (LC) mi-nt" transitions.”"'” The metal-to-ligand
charge transfer (MLCT) transition band of the two homoleptic
complexes is very broad with a maximum at 458 nm (C1) and
449 nm (C3), respectively (Figure 2). In contrast, the heterolep-
tic complexes show a compact MLCT transition band with
maxima at 379 nm (C2) and 384 nm (C4). For comparison, the
heteroleptic complex [(xant)Cu(Me,phen)]PF¢ without addition-
al donor substituents has a MLCT maxima of 378 nm."® Hence,
the impact of the two different donor moieties (i.e. SMe or
OMe) on the visible absorption is rather low and it is more cru-
cial whether the complex is homo or heteroleptic. Interestingly,
the molar extinction coefficients of the two complexes with
SMe groups (C1 and C2, Table 2) are lower than the respective
complexes containing the OMe groups (C3 and C4).

On the one hand, the complexes C1-C4 exhibit no emission
in deaerated acetonitrile solution (Figure S10). On the other
hand, the heteroleptic compounds C2 and C4 clearly emit in
the solid state, as shown in Figure S11. All complexes also
show a very weak emission in tetrahydrofuran (THF) solution
(Figure S12).

The electrochemical properties of all four Cu' complexes
were studied by cyclic voltammetry in acetonitrile (Figure S13,
Table 2). The heteroleptic complexes C2 and C4 each possess
one reduction process at —2.03 and —2.04V vs. Fc/Fc™, re-
spectively, and three irreversible oxidations. The one electron
reduction is irreversible for C2 (SMe), but reversible for C4
(OMe). All in all, the reduction potentials and two oxidation
potentials of C2 and C4 are fairly similar. Only the first oxida-
tion is significantly shifted by 500 mV to lower potentials from
C2 (0.85V) to C4 (0.35V). The observed reduction potentials
are also similar to the potentials of structurally related com-
plexes (e.g. E,,**=—2.11V for [(xant)Cu(Me,phen)IPF).""'%’
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Table 2. Overview of the photophysical and electrochemical properties
of the complexes C1-C4 based on measurements performed in acetoni-
trile under inert conditions (except UV-vis absorption). Potentials are ref-
erenced to the ferrocene/ferricenium (Fc/Fc*) couple. The emission
maxima are detected in the solid state, with an excitation at A, yicr

Complex AabsmLct EmLer Aem E* Ei ™

[nm] [10° (mol-cm)™] [nm] V] I\

1 458 441 nd®  —219% 009

—2.02 1.09

2 379 274 563 —2.03% 0.85

1.04

1.34%)

Cc3 449 5.94 n.d.® —2.22 0.03
—2.02

Cc4 383 448 531 —2.04 0.35

1.03

1.23

[a] Irreversible peak. [b] Not determined.

The homoleptic complexes have one quasi-reversible oxidation
at 0.09V (C1) and 0.03V (C3). The peak separation is broad
but becomes smaller at higher scan rates (Figure S14). This
could possibly imply a pentacoordinated copper also under
electrochemical conditions.””

Further, C1 displays two irreversible reduction peaks (at
—2.19 and —2.02 V, Table 2) showing that this complex decom-
poses during the reduction process. In contrast, C3 exhibits
two reversible reductions (at —2.02 and —2.22 V, Table 2). Both
complexes €3 and C4, which contain the 2,9-dimethoxymeth-
yl-1,10-phenanthroline ligand (OMe) have reversible reductions.
In contrast, the reduction of the complexes C1 and C2
with the 2,9-dithiomethoxymethyl-1,10-phenanthroline ligand
(SMe) is always irreversible. From previous studies it is known,
that the diimine-ligand (NAN) is reduced and that a
[(PAP)CU(NAN")] species is formed in such complexes.”«! |t
seems that the methoxy group (OMe) is able to stabilize the
reduced (NAN™) moiety, whereas the thiomethyl group (SMe) is
not able to distribute the charge, resulting in ligand decompo-
sition under reductive conditions.

Electronic and structural nature of C1-C4 in solution

To gain more insights into the coordination behaviour and
ground state structures of these complexes in solution, steady
state XANES and EXAFS measurements were performed in a
mixture of THF and water (in a ratio of 9:1). This mixture was
chosen to guarantee comparability with our previous results,
where [Cu(Me,phenPh,),]PF; and [(xant)Cu(Me,phenPh,)IPF,
were studied." '3

The Cu K-edge XANES spectra (Figure 3A) of Cu' tetrahedral
complexes are generally characterized by a main peak along
the rising edge from 8980 to 9000 eV assigned as a 1s—4p,
transition.””’ This transition reflects the nature of the 4p, orbi-
tal in the pseudotetrahedral coordination environment of
these Cu' complexes.”'? The homoleptic complexes C1 and C3
demonstrate the 1s—4p, transition at 8987 eV, whereas the
heteroleptic complexes C2 and C4 exhibit this transition at

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. A. Normalized Cu K-edge XANES of C1 (black), C2 (red), C3 (green)
and C4 (blue). C1 and C3 are shown in dotted black and green, respectively
for better comparisons. B. Fourier transforms of k’-weighted Cu EXAFS for
C1 (black), C2 (red), C3 (green) and C4 (blue). Inset: Back Fourier trans-
formed experimental (solid lines) and fitted (dashed lines) k*[y(k)] of C1-C4.
Experimental spectra were calculated for k values of 2-11.2 A~

8984 eV. A noticeable pre-edge feature at low photon energies
is absent in all complexes (Figure 3A) as the Cu' complexes
have a formal d' electronic configuration with filled e, and t,,
levels. The lack of vacancy in the 3d levels consequently ex-
plains the absence of the pre-edge feature in the low energy
region around 8980 eV.”?

Importantly the XANES spectra (Figure 3A) show small
changes in the rising-edge features. This is consistent with the
variations observed in the coordination sphere and local sym-
metry of the four Cu' complexes, as previously indicated
through X-ray diffraction analysis.

A prominent peak at apparent distances of 1.5 and 1.7 A
(150 and 170 pm) (Figure 3B) is observed in the EXAFS spectra
of the homo- and heteroleptic complexes, respectively, corre-
sponding to the averaged contribution of the Cu—N/P bond
distances. The EXAFS fits for the extraction of the actual bond
distances of all four complexes are shown in Figure 3B inset,
Table S4 and Figure S16.

Analysis of the EXAFS spectra in C1 and C3 clearly resolves
four Cu—N distances of 202 pm (Table S4). Similarly, EXAFS
analysis of C2 and C4 illustrates improvement of the fit quality
with two Cu—N distances at 212 and 209 pm, respectively, in
agreement with obtained XRD data (Table S4). In addition, in-
clusion of two sets of Cu—P distances of 230 pm in C2 and
228 pm in C4 improves the quality of the fit significantly as
shown by the decreased R-factors and 7 values (Table S4, fits
4 and 7). The differences and trends observed in the experi-
mental EXAFS for all four complexes agree well with the local
structural data extracted from XRD analysis and EXAFS simula-
tions carried out from DFT optimized coordinates (Table 3, Fig-
ure S15). This shows that theoretical methods including geom-
etry optimizations can be reliably used for understanding the
structural conformations of the excited state structures of C1-
C4 within the first coordination sphere.

Table 3. Comparison of structural parameters obtained from DFT calculations (Table S2), and EXAFS analysis. Bond lengths are given in pm.
Complex DFT ground DFT excited EXAFS fits[pm]
state [pm] state [pm]
(@] Cu—N: 200.5, 200.3, 199.1, 201.7 Cu—N: 193.9, 205.6, 205.6, 228.7 Ground state:
Cu-S:364.3 Cu-S: 246.9 Cu—N:4x203
Cc2 Cu—N: 206.3, 205.4 Cu—N: 200.2, 201.2 Ground state:
Cu—P: 220.1, 224.0 Cu—P: 235.0, 235.7 Cu—N:2x212
Cu-S: 3357 Cu—P: 2x230
Excited state:
Cu—N: 2x200
Cu—P: 2x250
a3 Cu—N: 199.3, 199.6, 200.0, 199.5 Cu—N:191.0,198.5, 208.4, 220.9 Ground state:
Cu—0:335.2 Cu—0: 228.6 Cu—N:4x203
c4 Cu—N: 206.2, 205.3 Cu—N: 197.84, 202.77 Ground state:
Cu—P: 2204, 223.9 Cu—P: 234.15, 239.10 Cu—N: 2x208
Cu—P:2x228
Excited state:
Cu—N: 2x206
Cu—P: 2x242
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Elucidation of the excited-state structures through time-
resolved X-ray spectroscopy

Formation of the triplet excited state structures (Figure 4) of
the Cu-based photosensitizers was probed in the picosecond
time range through time-resolved X-ray spectroscopy. The
complexes were optically pumped at 400 nm in the MLCT
range and probed with X-ray pulses. XAS spectra were collect-
ed both before (laser off) and after (laser on) laser excitation.
By subtracting the laser-off from the laser-on spectrum, a tran-
sient signal is obtained for each pump-probe delay. The transi-
ent spectrum thus provides information about the photo- in-
duced dynamics, electronic and structural nature of the triplet
excited states of these Cu-based photosensitizers (Figure 5).
The XAS spectra at an averaged time delay of 80 ps between
the laser pump excitation and X-ray probing are shown in
Figure 5. Upon light excitation, MLCT transition from the 3d or-
bital of Cu' to the 7t* orbital of the ligand accompanied by flat-
tening distortion initially occurs in around 1 ps.”"?* This pro-
cess is subsequently followed by intersystem crossing to a trip-
let excited state in about 7-10 ps.*#!

A transient signal (Figure 5) with a maximum time-depen-
dent peak energy at 9000 eV is obtained, which is typical® for
the signature of the formally oxidized “Cu" excited state. The
transient signals of C1 and C3 are weaker owing to the lesser
degree of changes observed in the 1s to 3d and 4p transitions

= D
55% 62 é % 2+
;;55 C4 ;;ié C4x
@Cu ON @0 @C Os @r |

Figure 4. DFT calculated structures of the complexes C1-C4 in the ground
(left side) and excited state (right side). Hydrogen atoms are omitted for
clarity.
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Figure 5. Time-resolved XAS spectra (Laser ON-OFF) corresponding to the
excited states of C1 (black), C2 (red), C3 (blue) and C4 (green) owing to
metal-to-ligand charge transfer transitions at a delay of 80 ps between laser
and X-ray pulses for a mixture of 1 mm complex in THF/H,0 with a volume
ratio of 9:1.

observed between their “laser-on” and “laser-off” spectra at
80 ps.

Interestingly, clear changes are observed in the reduction of
the ligand and oxidation of the Cu metal centre as observed
by the prominent peak at 9000 eV (Figure 5). Sharp differences
are as well observed in the pre-edge and rising-edge transi-
tions of the absorption spectra at lower photon energies be-
tween 8981-8991 eV. These features indicate strong changes
in the electronic configurations and coordination environment
of the “laser-on” spectra of the Cu-based complexes.

Upon light excitation, MLCT transition triggers an electron
to be promoted to the low-lying w* orbital of the li-
gand,®136216236:24.23) 15 causing a change in the d level occu-
pation from 3d' to 3d°. Thus, the prominent peak observed at
8981 eV is explained by d level atomic rearrangements in the
excited state, which are further accompanied with structure re-
laxation and increased mixing of the valence 3d states with
the ligand p orbitals.”>?* The low-energy pre-edge feature fur-
ther confirms presence of the formally oxidized “Cu"
State.[21b,c,24b,c]

Two intense transitions at 8984 and 8991 eV (Figure 5) are
additionally observed resulting from the changes in the 1s—
4p, and the 1s—4p peak, respectively. These two transitions
together with the broad feature at 9000 eV relate to the
ground state bleaching of the Cu' ground state along with the
formation of the excited state.

Interestingly, the time-resolved XANES spectra of the homo-
leptic complexes C1 and C3 demonstrate a relative decrease in
the pre-edge peak in comparison to C2 and C4. C1 and C3 fur-
ther exhibit a single negative transition peak at 8987 eV. The
differences in the pre-edge and 1s—4p transitions observed in
the transient signals of C1 and C3 vs. C2 and C4 (Figure 5) il-
lustrate the clear variations in the electronic and local geomet-
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ric configurations of the excited states of the homo- versus the
heteroleptic complexes.

Both the decrease in the pre-edge intensity, and broadened
bleach peak observed at 8987 eV in C1 and C3 correspond to
an increase in the coordination number of the copper centre
in the excited states of the homoleptic complexes. As previ-
ously elaborated, features in the pre-edge region have been
shown to be particularly sensitive to the geometry.!'%212266:27)

A decrease in the pre-edge feature was for instance shown to
decrease with an increase in the coordination number due to a
decrease in the dipole allowed 1s—4p character contributing
to this transition.2®?® The 1s to 4p, transition moreover re-
flects the coordination environment of the Cu' complexes.?'>?%
When the Cu centre is tetracoordinated, the 4p, is localized
giving rise to a clear 1s—4p, transition peak. However, a
change in the coordination geometry of the Cu centre leads to
a greater delocalization of the metal 4p orbitals, resulting in a

A 12 broader 1s—4p, transition feature.”’™9 The increased coordina-
S 7\ N . o
AR tion number in the excited states of C1 and C3 thus leads to a
decreased intensity in the pre-edge feature. The single bleach
0.8 peak observed for C1 and C3 at 8987 eV further arises due to
- ’ the broadened and smeared change in the 1s—4p, peak tran-
= sition in their excited state conformations, in comparison to C2
04 and C4. The experimental changes observed in the transient
T signals of C1 and C3 are further corroborated by theoretical
XANES simulations (Figure S18).
9‘83 The changes in the metal K-rising edge and pre-edge re-
%970 3900 9010 9030 gions of the excited states in combination with our theoretical
X-ray energy (eV) calculations thus enable the extraction of valuable electronic
B 14 and geometric structure information about the Cu site
5 (Figure 4). Further, the geometry optimization calculations of
12 li4 1 B the excited states of C1 and C3 (Table 3, Figure 4 and Support-
1 ~f\ 1 § ing Information) predict a distortion of the local coordination
- Yl 2 sphere and the presence of an additionally coordinated
e T ! VT2 4 6 s 1 .
= ol ! A Wavesumber, & (A") oxygen or sulfur atoms at 229 and 247.pm, respectlw.ely.
- MW It should be mentioned that the excited state fractions of C1
\ . .
04t ! ' and C3 at 80 ps delay between the laser pump excitation and
- : RN X-ray probing were too low (less than 5%), to reconstruct the
.2 4 \ . .
\,’ AN P , EXAFS and structural conformations of the excited states.
o N
00 1 N 3 ; 5 . While the discussion of the times scales of formation of the ex-
c Apparent Distance (A) cited states of C1-C4 is outside the scope of this manuscript,
“1.2 n the decreased excited state fractions of C1 and C3 observed at
: / \‘\ 80 ps could be due to the faster formation of their MLCT states
,i’ N in comparison to C2 and C4. However, both the pre-edge and
o.st ,'8995 rising edge features coupled with our TD-DFT XANES calcula-
1
K tions and DFT optimizations (Figure S18, Table 3) provide a fin-
0or ," gerprint of the local coordination sphere of the MLCT excited
04k 1 states of the homoleptic complexes.
8981 ‘:' 8988 The heteroleptic Cu complexes C2 and C4 on the other
0.2f LY AT hand show a clear positive shift of around 0.25 and 0.16 eV
/ T3983 | : . (Figures 6 A,C), respectively, at around half height and 0.55 nor-
2970 8980 8990 9000 9010 9020 9030
X-ray energy (eV)
D14 Figure 6. A. Normalized Cu K-edge XANES of the laser off spectrum (in red),
:-‘ laser on (in black), and reconstructed excited state (in dotted black) of C2 as-
12} 1.9 = suming a percentage excited state of 2 12.5%. B. Experimental Fourier trans-
1 § forms of k*-weighted Cu EXAFS of the laser off (in red) and reconstructed ex-
1 1.4 X, S cited state (in dotted black) of C2. Inset: Back Fourier transformed experi-
08 l I' \ ; mental (solid lines) and fitted (dashed lines) k’[y (k)] of the laser off and re-
= Y ', 2 4 6 8 14 constructed spectra of C2. Experimental spectra were calculated for k values
o6t ' . Wavenumber, k (A") of 2-10.097 A~". C. Normalized Cu K-edge XANES of the laser off (in blue),
,' 1 laser on (magenta) and reconstructed excited state spectra of C4 (dotted
0.4 8 ‘. magenta) assuming a percentage excited state of around 8%. D. Experimen-
o2b ‘ . tal Fourier transforms of k*weighted Cu EXAFS of the laser off(blue) and re-
- A \ o constructed excited state (dotted magenta) of C4. Inset: Back Fourier trans-
0 s N A = formed experimental (solid lines) and fitted (dashed lines) k’[y(k)] of the
0 1 2 3 4 5 6

Apparent Distance (A)
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laser off and reconstructed excited state of C4. Experimental spectra were
again calculated for k values of 2-10.097 A~".
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malized absorption. The excited state fractions of these two
sets of complexes were determined by comparing the relative
shift in energy between the theoretically calculated XANES
(Figure S19). A relative chemical shift in energy of around 2 eV
is obtained between the calculated ground and excited states
for C2 and C4 (Figure $19), such that a proportion of the excit-
ed state of around 12.5 and 8% were estimated in the laser on
spectra and further used to plot the actual or reconstructed
spectra.

The reconstructed excited states of C2 and C4 (Figures 6 A,C)
exhibit a broad and intense pre-edge transition at 8981-
8983 eV and a 1s—4p rising-edge transition at 8988 eV. These
features were previously observed for four-fold coordinated
Cu" ions.™?? This analysis thus confirms the correct percent-
age of excited state fraction used in the estimation of the laser
on spectra of the heteroleptic photosensitizers described here.
The derived excited state of C2 shows two prominent peaks at
apparent distances of 140 and 210 pm whereas that of C4
reveal two peaks at 140 and 190 pm (Figures 6B,D). These two
features correspond to the distinct contributions of the short-
ened Cu—N and elongated Cu—P bonds. Similar features were
observed for the heteroleptic [(xant)Cu(Me,phenPh,)]PF, com-
plex."® Analysis of the EXAFS peaks within the first coordina-
tion sphere of the triplet excited states (Table 3, Table S4, Fig-
ure S17) clearly resolves the decreased Cu—N bond lengths at
200 and 206 pm for C2 and C4, respectively. Furthermore, the
inclusion of two Cu-P bond distances at 250 and 242 pm
(Table S4) improve the quality of the fit considerably as shown
by the decreased R-factors and reduced y? values (Fits 9 and
11, Table S4). The EXAFS fit values are in good agreement with
DFT optimizations (Table 3, Table S4).

As previously elaborated, the structural changes of the excit-
ed states provide a strong indication for the dissociation of the
diphosphine ligand and a possible degradation pathway of
such heteroleptic copper photosensitizers."™ The elongation
of the Cu—P distances in the triplet excited states of C2 and C4
could lead to a stepwise decomposition of these heteroleptic
complexes and the formation of their homoleptic counterparts
during photocatalysis.!* 19>

Conclusions

By using a combination of XRD, time-resolved XANES and
EXAFS measurements the ground and excited state structures
of four novel homo- and heteroleptic copper photosensitizers
were systematically elucidated in the solid state and in solu-
tion. The experimental results were further supported by theo-
retical XANES and TD-DFT calculations. Most importantly, these
methods were used to evaluate the influence of additional
donor moieties (i.e. SMe or OMe) at the phenanthroline ligand
on the resulting structures of the Cu' complexes. Indeed, the
time-resolved XANES measurements and theoretical simula-
tions illustrate a significant distortion of the local coordination
sphere in the excited state structures of the homoleptic com-
plexes C1 and C3. They also evidenced the formation of a
penta-coordinated copper centre in the excited state, corre-
sponding to a 4+1-fold coordination mode. This additional co-
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ordination of a third donor is in strong contrast to the usual
fourfold coordination of Cu' in the ground state. In the future,
this observation might lead to the design of improved multi-
dentate ligands with bulkier substituents that can adopt a sim-
ilar penta-coordinated geometry in the excited state, and thus,
help to prevent flattening distortion and intermolecular nucle-
ophilic attack by solvent molecules or counter ions at the
copper centre.

Further, time-resolved XANES and EXAFS analysis of the het-
eroleptic complexes C2 and C4 revealed a decrease in the Cu—
N and an increase in the Cu—P distances of the excited state
structures. The increase in the Cu—P bond distances in the ex-
cited state explains the absence of a penta-coordinated ar-
rangement in the heteroleptic complexes in comparison to the
homoleptic ones. Importantly, the elongation of the Cu—P dis-
tances in the triplet excited states of the heteroleptic com-
plexes C2 and C4 provides a clear indication for the dissocia-
tion pathway of such diphosphine ligands and the stepwise
transformation into their homoleptic counterparts during pho-
tocatalysis. Comparison of C2 and C4 with previously studied
heteroleptic Cu' photosensitizers also emphasize the need to
implement bulkier substituents than SMe or OMe at the 2,9-
position of the 1,10-phenanthroline. The introduction of addi-
tional donor moieties at the terminal ends of tetra- or biden-
tate ligands are also essential for stabilizing the local coordina-
tion geometry and for increasing the steric demand.

Further fine-tuning possibilities, which are currently in prog-
ress, involve the implementation of SR and OR (with for exam-
ple, R=Ph or iPr) substituents that affect the rigidity, bulkiness,
bite angle and electronic impact. Beyond this also the incorpo-
ration of additional phosphine donors PR or the direct connec-
tion of a diimine with a diphosphine seems promising. This
might open up the way to improved copper photosensitizers
in the future that challenge traditional noble metal complexes
for photocatalytic applications.
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