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Strong Steric Hindrance Effect on Ground State,
Excited State, and Charge Separated State Properties
of a Cu'-Diimine Complex Captured by X-ray
Transient Absorption Spectroscopy

J. Huang® , M. W. Mara®”, A. B. Stickrath?, O. Kokhan?®, M. R. Harpham?, M. K.
Haldrup,® M. L. Shelby®, X. Zhang®, R. Ruppert®, J.-P. Sauvage', L. X. Chen*"*

Photophysical and structural properties of a Cu' diimine complexes with very strong steric
hindrance, [Cu'(dppS),]* (dppS=2,9-diphenyl-1,10-phenanthroline disulfonic acid disodium
salt), are investigated using optical and X-ray transient absorption (OTA and XTA)
spectroscopies. The bulky phenylsulfonic acid groups at 2, 9 positions of phenanthroline
ligands force the ground state and the metal-to-ligand-charge-transfer (MLCT) excited state to
adapt a flattened pseudo-tetrahedral coordination geometry in which the solvent access to the
copper center is completely blocked. We analyzed the MLCT state dynamics and structures as
well as those of the charge separated state resulted from the interfacial electron injection from
the MLCT state to TiO, nanoparticles (NPs). The OTA results show an absence of the sub-
picosecond component previously assigned as the time constant for flattening, while the two
observed time constants are assigned to a relatively slow intersystem crossing (ISC) rate
(~13.8 ps) and a decay rate (100 ns) of the [Cu'(dppS),]" MLCT state in water. These results
correlate well with the XTA studies that resolved a flattened tetrahedral Cu(l) coordination
geometry in the ground state. Probing the SMLCT state structure with XTA establishes that
SMLCT state has the same oxidation state as the copper center in [Cu''(dppS),]* and Cu-N
distance is reduced by 0.06 A compared to that of ground state, accompanied by a rotation of
phenyl rings located at 2,9 positions of phenanthroline. Structural dynamics of the
photoinduced charge transfer process in the [Cu'(dppS),]*/TiO, hybrid is also investigated,
which suggests a more restricted environment for the complex opon binding to TiO, NPs.
Moreover, the Cu-N bond length of the oxidized state of [Cu'(dppS),]" after electron injection
to TiO, NPs shortens by 0.05 A compared to that in ground state. The interpretation of these
observed structural changes associated with excited and charge separated states will be
discussed. These results not only set an example of applying XTA in capturing the
intermediate structure of metal complex/semiconductor NPs hybrid but also provide the
guidance for designing efficient Cu' diimine complexes with optimized structures for its
application in solar-to-electricity conversion.

Ru(ll) complexes used in solar energy conversion, because in
addition to their similar photophysical properties of MLCT (metal-
to-ligand-charge-transfer) state as that of Ru(ll) complexes, Cu!

Cu' diimine complexes, with similar light absorption as those of
quintessential ruthenium complexes, have attracted much attention
because of their potential applications in solar energy conversion'®
chemical sensing® 7 and molecular devices® °. Although these
complexes have been studied since decades ago, studies in the past a
few years are focused at their functions aligned with those performed
by Ru(ll) polypyridyl complexes in solar energy conversion. Cu'
diimine complexes have strong potentials to replace less abundant

This journal is © The Royal Society of Chemistry 2013

diimine complexes are more environmentally and economically
viable.®® Furthermore, the MLCT state of Cu' diimine complexes,
due to its electron transfer from the copper center to the ligand,
yields a 3d° electronic configuration that is susceptible to the Jahn-
Teller distortion to transform an pseudo-tetrahedral geometry with a
D,y symmetry to a flattened tetrahedral geometry with a D,
symmetry. Such excited state structural movements have been
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explored for functions of molecular machines.'> Therefore, it is
important to gain the detailed knowledge on structural and
environmental controls of the excited state properties of the Cu'
diimine complexes before they are employed to different
applications in solar energy conversion.

Perhaps the most interesting aspect of these complexes is that
their structural and environmental dependent photophysical
properties, such as the MLCT state lifetimes, intersystem crossing
rates and luminescence quantum vyields. Also, the MLCT state of
such complexes undergoes a transformation in the coordination
geometry due the different preferences of the electronic
configurations of 3d*® Cu(l) in the ground state and 3d® Cu(ll) in the
MLCT state.® As summarized in a recent review," the MLCT state
properties of a series of Cu' bis-phenanthroline based complexes can
be altered via different steric hindrance exerted by the substituents at
the 2, 9 positions of the phenanthroline ligands that can modulate the
angle between the two phenanthroline ligand planes from 90°, such
as in the complex with 2,9-di-tert-butyl-1,10-phenanthroline ligands
with an orthogonal tetrahedral coordinating geometry, to ~68°, a
“flattened” tetrahedral geometry, such as in less hindered species
that are capable of undergoing the flattening.* & ** 24 It has been
observed that when the two phenanthroline ligand planes are forced
to be orthogonal, the intersystem crossing (ISC) from 'MLCT to
SMLCT state occurs on a few picosecond time scale, while the same
process takes 10 - 15 ps when the two ligand planes are not
orthogonal,** 2% je., a flattened tetrahedral geometry. According to
the calculations by Siddique et al.* the spin-orbit coupling
coefficients are lower for the states stabilizing at a flattened
coordinating geometry due to the changes in the symmetry from D,q
to D,, resulting in a relatively slow ISC rate. In addition, the
SMLCT excited state lifetimes and emission quantum yields are also
sensitive to the capability of an “exciplex” formation with a solvent
molecule, no matter the solvent is considered as coordinating and
non-coordinating with the copper center. It has been shown that the
presence of bulky groups at 2, 9 positions can block solvent access
to the Cu center to prevent the formation of an “exciplex”, lowering
the energy gap between the MLCT and the ground states and
accelerating the ground state recovery, and thus result in a longer
MLCT lifetime and a higher emission quantum yield.* 5 & 2-29
These studies suggest that the excited state dynamics of Cu' diimine
complexes could be controlled by the dihedral angle between the two
phenanthroline ligand planes as well as the solvent accessibility to
the Cu center.

Previously we have investigated the structural influence on the
excited state dynamics in an extreme case of a completely locked
tetrahedral coordinating geometry due to the sterically-bulky t-butyl
groups in bis(2,9-di-tert-butyl-1,10-phenanthroline)copper(l),
[Cu'(dtbp),]*.*® We showed that [Cu'(dtbp),]* has three microsecond
SMLCT lifetime, no sub-picosecond component that was previously
assigned as the Jahn-Teller distortion of flattening of the pseudo-
tetrahedral coordination geometry and a few picosecond intersystem
crossing time constant. Because sufficient lifetimes and energetics
are prerequisites for many photochemical processes as well as the
sensitivity of these Cu' excited state to their structures, we want to
investigate whether the *"MLCT and *MLCT states lifetimes can be
simultaneously prolonged in the Cu' phenanthroline complexes with
locked flattened geometry in both the ground and excited states.
Furthermore, if these excited state lifetimes are extended through
structural tuning, we may achieve sufficient efficiency of interfacial
charge injection from these complexes to semiconductor
nanoparticles in the dye-sensitized solar cells.> 1%
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In this report, we examine the structural influence on the excited
state  dynamics of [Cu'(dppS),]*  (dppS=2,9-diphenyl-1,10-
phenanthroline disulfonic acid disodium salt) which represents
another extreme that the complex is almost locked into flattened
coordination geometry. In our recent paper,”® we have reported an
efficient electron injection process directly from 'MLCT state of
[Cu'(dppS),]* to TiO, NPs followed by ultraslow back electron
transfer process. This observation has been attributed to the already
flattened ground state geometry of [Cu'(dppS),]*, which prolongs the
ISC time to enable ET from the *MLCT state. While the successful
electron injection has been studied in great detail, the quantitative
structural analysis of the MLCT state as well as charge separated
state in this Cu(l) diimine complex have not been reported. Here,
our investigation is focused on detailed structural dynamics of these
transient states of [Cu'(dppS),]* complex in excited state in H,O and
charge separated state formed after electron injection to TiO, NPs as
well as their correlation with ground state structure. Optical transient
absorption (TA) spectroscopy is used to determine excited MLCT
state kinetics by monitoring the MLCT excited state absorption of
[Cu'(dppS),]* in visible region. Analogous method in the X-ray
regime, X-ray transient absorption (XTA) spectroscopy, is used to
track electron configurations and corresponding molecular structural
changes of [Cu'(dppS),]* by measuring transient X-ray absorption
near edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS).Y7: 19 22 2325, 30-3 \we \would like to answer the
following questions: (1) what are structures of the MLCT state and
charge separate state structures; (2) what are the structural changes
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Figure 1. a) Molecular structures of [Cu'(phen),]*,

[Cu'(dpp),]*, and [Cu'(dppS),]*. b) UV-vis absorption

spectra of [Cu'(phen),]* in dichloromethane (black),

[Cu'(dpp).]* in dichloromethane (red), [Cu'(dppS),]* in

water (blue).
of the complex when it binds to TiO, nanoparticles; and (3) what we
can learn from our study on Cu' diimine complex design for its
applications in solar energy conversion?  Understanding the
molecular structures and dynamics of both photoexcited states and

charge separated intermediates in the current system will not only
provide the guidance of revealing their practical applications in dye

This journal is © The Royal Society of Chemistry 2014
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sensitized solar cells but also the insight into the nature of
photochemical reactions..

Results and discussion
Ground State Photophysical Properties of [Cu'(dppS),]* in H,O

UV-vis absorption spectrum of [Cu'(dppS),]" in H,O (blue) is
presented in Figure 1b. The spectra of [Cu'(phen),]* (black) and
[Cu'(dpp),]* (red) in dichloromethane are also listed in Figure 1b for
comparison. Analogous to those of [Cu'(phen),]" and [Cu'(dpp),]",
the spectrum of [Cu'(dppS),]* is typically characterized by an intense
main absorption peak at 420-470 nm region and a shoulder feature at
lower energy, both of which have been assigned to MLCT bands
based on previous studies'” 1% 22 25 3 35 it the latter assigned as
the MLCT transition from the flattened coordination geometry.
Apparently, with the increasing steric hindrance at the 2, 9 positions
of phenanthroline groups, i.e. [Cu'(phen),]* > [Cu'(dpp),]" >
[Cu'(dppS),]* (Fig. 1a), the maximum position of the main
absorption peak shifts to blue accompanied with the increasing
relative intensity of the low-energy shoulder to the main absorption
peak, indicating the correlation between the steric hindrance and the
MLCT transitions. According to the DFT calculations by Siddeque
et al.,?* both excitation energies and oscillator strengths of MLCT
transitions in Cu' phenanthroline complexes, corresponding to the
transitions between the Cu 3d,, and 3d,, HOMOs and LUMOs
orbitals, are strongly dependent on the dihedral angles of the two
phenanthroline planes. When the dihedral angle of the two
phenanthroline planes is 90, the two transitions energies are nearly
degenerate, therefore only the main peak in 440-460 nm region is
expected in the absorption spectrum, which is represented by the
extreme case of [Cu'(dtbp),]* as observed in our previous studies.>*
When the dihedral angle deviates from 90° through a flattening
distortion from Dy to D,, the two MLCT transition energies split,
leading to a red-shift of the low-energy shoulder and a blue shift of
the main MLCT absorption band. This is clearly seen in Figure 1a,
where the main absorption band shows a blue shift and the shoulder
shows a red shift in the most sterically hindered [Cu'(dppS).]*. As
shown here as well as our previous study,* the relative intensity of
the low-energy shoulder measures the degree of dynamic flattening
distortion in the ground state likely through low frequency rocking
modes of the pseudo-tetrahedral coordination geometry in a Dy
symmetry,® with an increased shoulder intensity correlated to a
larger flattening distortion. Therefore, the highest relative intensity
shoulders in the spectrum of [Cu'(dppS),]" compared to those of
[Cu'(phen),]* and [Cu'(dpp),]" suggested the largest degree of the
flattening as well as other accompanying distortions. These results
all support that [Cu'(dppS),]* with bulky groups at 2, 9 positions of
the phenanthroline groups adapts a likely flattened geometry in the
ground state, which is verified by our XANES results to be
discussed later.

Excited Sate Dynamics of [Cu'(dppS),]* Complex in H,O

Figure 2a shows the femtosecond transient absorption (fs-TA)
spectra of [Cu'(dppS),]* complex in H,0 in visible region after 415
nm excitation. The entire spectra exhibit a broad positive absorption,
and can be assigned to the MLCT state absorption. The spectral
evolution for [Cu'(dppS),]* in H,O were dominated by ISC from
IMLCT to ®MLCT state at early time (< 25 ps) and intrinsic MLCT
state decay at later time (> 25 ps). Figure 2b shows the kinetics trace
of [Cu'(dppS),]" complex in H,O at 570 nm. The kinetic trace fits a
dual-exponential function which reveals two decay time constants,

This journal is © The Royal Society of Chemistry 2012
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17,;=13.8 ps and t, >> 3 ns. 14 is consistent with the ISC time constant
previously observed in [Cu'(dpp).]* (dpp=2,9-diphenyl-1,10-
phenanthroline)® and in [Cu'(dmp),]* (dmp=2,9-dimethyl-1,10-
phenanthroline) after the excited state flattening distortion,2* 2 2% 24
and thus can be attributed to the ISC from *MLCT to *MLCT excited
state. Compared to [Cu'(dtbp),]* with two phenanthroline ligand
planes locked to orthogonal orientation with each other, ISC rate in

— 100ps T, =13.7 ps
—1ns 14 T, >> 3ns
—2ns
O 500 550 600 650 700 0’
500 550 600 650 700 0 10 20 100 1000
Wavelength (nm) Delay Time (ps)
= 12ns
c a4 d
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t=100.0nns
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Figure 2. Femtosecond (a) and nanosecond (c) absorption
spectra of [Cu'(dppS);]" in H,O. Excited state kinetics trace of
[Cu'(dppS),]* in H,0 at 570 nm measured by femtosecond (b)
and nanosecond (d) absorption spectroscopy.

[Cu'(dppS),]* complex is several times slower. Meanwhile, this
complex does not have a sub-ps component in its TA Kinetics
corresponding to the flattening as in [Cu'(dmp),]* ** ** % and
structural reorganization as in [Cu'(dpp),]",** indicating its severe
steric hindrance prevents the Jahn-Teller distortion in the excited
state, which will be further discussed in the XTA results. As
discussed in previous studies, the prolonged ISC time constant is
likely an indication of a flattened tetrahedral coordination geometry
for the Cu(l) center in the ground state due to the strong steric
hindrance of the two sulfonated phenyl ligands at 2, 9 positions of
phenanthroline.  Consequently, the spin-orbit coupling is
significantly weakened and hence results in a slower ISC process
and a prolonged *MLCT lifetime of 13.8 ps. The long decay time
constant (>> 3ns) can be accurately determined by nanosecond
absorption measurement (ns-TA) and assigned to the MLCT state
lifetime. The ns-TA spectra of [Cu'(dppS),]* complex in H,O after
420 nm excitation (Figure 2c) show the dominating excited state
absorption in the whole spectral window, similar to the results in the
fs-TA measurement (Figure 2a). The kinetics monitored at the probe
wavelengths 570 nm (Figure 2d) yields the *MLCT lifetime of ~100
ns, similar to that of [Cu'(dpp),]" in ethanol or acetonitrile.® In
contrast, the ®MLCT lifetime of [Cu'(phen),]* is only a few
picosecond even in non-coordination solvent, dichloromethane,®
and that of [Cu'(dmp),]*, < 2 ns in coordination solvents.?
Therefore, the prolonged *MLCT lifetime of [Cu'(dppS),]" suggests
a complete shielding of the Cu center from the solvent, preventing
the formation of an “exciplex” with the coordination solvent
molecules. As mentioned earlier, the sub-ps rising component
attributed to the excited state flattening dynamics in other Cu'
complexes,?® 2 was not observed in this system. These observations

J. Name., 2012, 00, 1-3 | 3
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further support the assignment that the ground state of [Cu'(dppS),]*
complex is already locked in a “flattened” geometry, and hence no
further flattening in the excited state. These results together indicate
that MLCT excited state of [Cu'(dppS),]* complex formed after
excitation converts to MLCT excited state without undergoing Jahn-
Teller distortion, followed by *MLCT state decay with a 100-ns time
constant.

Structural Dynamics of [Cu'(dppS),]" Complex in H,0.

X-ray absorption spectroscopy (XAS) was used to directly
extract the structures of [Cu'(dppS),]* in H,O for the ground and
excited states as shown in Figure 3. The Cu K-edge XANES (X-ray
absorption near edge structure) spectrum for the ground state of
[Cu'(dppS),]* (black plot, Fig. 3a) taken before the laser pulse
arrives shows a rather pronounced peak in the middle of the
transition edge attributed to the 1s — 4p, transition at 8.986 keV as
assigned for the first row transition metal coordination environments
from comprehensive studies of different model complexes,® and
has been used to directly probe the dihedral angle of the two
phenanthroline ligand planes of the Cu' complex in the solution.*
Such a capability is enabled by both experimental and theoretical
studies showing that the intensity of 1s — 4p, edge features vary
significantly for different Cu' complexes with various coordination
geometry.¥ The 1s—4p, peak intensity is associated with the
vacancy of the 4p, orbital of the first row transition metal
complexes, which changes with the coordination geometry. Hence,
the more prominent 1s—4p, peak intensity observed in
[Cu'(dppS),]* than that of [Cu'(phen),]* complex®* suggest more
“flattened” tetrahedral coordination geometry for the copper center
in the ground state, which is consistent with the MLCT transition
analysis based on its UV-visible absorption spectrum.

X-ray transient absorption (XTA) spectroscopy®® 2 is used to
study the excited state structural dynamics of [Cu'(dppS),]* in H,0.
The XANES spectrum of [Cu'(dppS),]* in H,O with laser excitation
is shown in Figure 3a (red plot). The laser-on spectrum is taken at
150 ps after the laser pump pulse, corresponding to the *MLCT state.
Due to the presence of both ground state and excited state molecules
in the system, the laser-on XANES spectrum represents an algebraic
sum of both the MLCT excited and ground states at 150 ps time
delay between the laser pump and the X-ray probe pulses. Therefore,
the MLCT state XANES spectrum needs to be extracted by
subtracting the contribution of the remaining ground state from the
total spectrum. Based on the energy distinction of the shoulder
feature for Cu' species at 8.986 keV, the excited state spectrum (blue
curve) was obtained by subtracting 55% of ground state from the
laser-on spectrum until the shoulder feature at 8.986 keV disappears.

121 @ 44 b © Ground State
Laser Initiated
1.0
34
’5 0.8 ";z
s z
s 0.6 E 29
= 0.4 —— Ground State w
— Laser Initiated 8
0.2+ —— Excited State %
0 .
8980 8990 9000 0 3

2
R(A)
Figure 3. The XANES (a) and Fourier-transformed XAFS (b)
spectra of [Cu'(dppS),]* in H,0. The laser initiated spectrum
(red) is collected at 150 ps after laser excitation. The blue curve
in (a) is the spectrum of excited state for [Cu'(dppS),]*
extracted from the laser initiated spectrum.

E (eV)
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Similar to the previous studies on Cu' diimine complexes,'” 22 2. %

3134 the following spectral changes in the MLCT state compared to
that of the ground state were observed: (1) the transition edge energy
shifts to 3 eV higher, suggesting the higher positive charges in the
copper center; (2) the shoulder feature at 8.986 keV, representing a
1s-to-4p, transition disappears, typically observed for transformation
from Cu' to Cu"; (3) a pre-edge feature at 8.979 keV appears which
is attributed to a 1s-3d transition that was only present for the Cu"
(d%). These results for the ground and MLCT states for [Cu'(dppS),]*
complex agree well with previously reported spectra for Cu diimine
complexes and suggest a Cu(lIl) center in the MLCT state.

Figure 3b compares the XAFS spectra in R-space after Fourier
transformation for the ground state (black open dot) and laser
illuminated [Cu'(dppS),]* (red solid plot). The Fourier transforms of
these XAFS spectra were processed within the k-range of 2.6-7.6 A
with a k® weighting. The peaks in these spectra present a radial
distribution of Cu-neighboring atom distances in the complex
without the phase corrections. The first peak, the Cu-N scattering
paths, shifts to a smaller R for the laser illuminated [Cu'(dppS),]*
compared to that in the ground state, suggesting the decrease of the
average Cu-N distance in the laser illuminated sample. Furthermore,
the magnitudes as well as the peak positions at R-range of 2-3.5 A
for laser illuminated [Cu'(dppS),]* reveal difference from that of
ground state [Cu'(dppS),]". The peaks at this region correspond to
the Cu-C distances associated with C atoms of the phenanthroline
connected directly to the four Cu-ligating N atoms as well as the C
atoms of the phenyl groups in the 2,9 positions of phenanthroline.

[Cu'dpps),I' GS
o Experiment
—Fit

® -
[Cu'(dppS),l’ GS
o Experiment

6 . S Fit

4 6
k (A™)

8

2
R (A)

[Cu'dpps),I' ES

o Experiment
—Fit

-4 [Cu'(dpps),l' ES Yo
o Experiment
——Fit ©

T

2 4 6
R(A) k(A"

Figure 4. XAFS spectra (open dot) and the best fit (solid line) of
[Cu'(dppS),]* in H,0: (a) R-space, ground state, (b) k-space,
ground state, (c) R-space, excited state, (d) k-space, excited state.

The change of these Cu-ligands can be quantified by fitting the
experimental data using IFEFFIT program.

Figure 4 displays the fits to the XAFS spectra in both R- and k-
space for GS and excited state of [Cu'(dppS),]", respectively.
The results of data analysis for the nearest-neighboring shell
from Cu ion are listed in Table 1. For the laser illuminated
sample, the spectrum is fitted using a two bond length model, in
which the average Cu-ligand bond distance is fit to two

This journal is © The Royal Society of Chemistry 2014
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Table I. XAFS Fitting Parameters® of [Cu'(dppS),]* in H,O

Vector N R(A) o* (A?)
Cu-N (GS)° 4 2.00 0.009
(ES)° 4 1.94 0.006
Cu-C4(GS) 4 2.68 0.002
(ES) 4 2.65 0.001
Cu-Co(GS) 4 2.90 0.002
(ES) 4 2.85 0.010
Cu-C, (GS) 4 318 0.001
(ES) 4 3.00 0.001
Cu-C,(GS) 4 332 0.002
(ES) 4 3.5 0.001

The fitting precision for distance is +0.01A, and 0.5 for N, the
coordination number; °GS: ground state. °ES: excited state

distances with one distance fixed at its corresponding Cu-ligand
distance obtained from ground state spectrum fitting with 55%
fraction to account for the contribution of the ground state molecules
to the laser illuminated spectrum. Using this approach, the laser
illuminated spectrum can be adequately fit with an average Cu-N
distance of 1.94 A for [Cu'(dppS),]* in MLCT excited state, which is
shortened by 0.06 A relative to ground state [Cu'(dppS).]*. In
addition, the Cu-C, and Cu-C, bond distances (indicated in Scheme
) are 0.03 and 0.05 A shorter, respectively, in the MLCT state than
in the ground state. This distance change is expected because C; and
C, atoms in the phenanthroline are directly connected to the four Cu-
ligating N atoms. It is interesting to note that a larger shortening of
Cu-C; bond distance 0.18 A is observed, while Cu-C, bond distance
reveals a relatively small change with 0.07 A shorter than in ground

Scheme I. Atom centers used in XAFS data fitting

state. This change suggests that the larger change of Cu-C; bond
distance compared to the Cu-C, distance may be due to the phenyl
ring rotation, shortened by 0.06 A relative to the ground state

[Cu'(dppS).]".

In addition to the solution [Cu'(dppS),]* MLCT excited state
structure, we also investigated the geometry change of the complex
upon its attachment onto TiO, nanoparticles (NPs). Figure 5a
compares the XANES spectra of [Cu'(dppS),]" in solution and on the

—— [Cu(dpps),I"
—— [Cu(dppS),]'/TiO,|

——[Cu(dppS),I" 14
0.2 —— [Cu(dppS),]'ITiO,

8990 9000 9010 1 3 4

E (eV) R (ZA)
Figure 5. Comparison of the XANES (a) and the Fourier-
transformed XAFS (b) spectra between [Cu'(dppS),]* in H,O
(black) and [Cu'(dppS),]*/TiO, (red) in ground state.

0.0
8970 8980
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TiO, nanoparticle surface. In both cases, the 1s-4p, transition energy
remains the same at 8.986 keV, while the intensity in the latter is
lowered accompanied by a simultaneous increase of the whiteline
intensity at 8.997 keV. Because the correlations between the 1s-4p,
transition intensity and the angle between the ligand planes has been
established in comparing the intensity of this feature between the
tetrahedral [Cu'(dmp),]* and flattened [Cu'(dpp),]* in our previous
studies,® the reduced intensity can be attributed to a possible
increase of the angle between the two phenanthroline ligand planes
(or less flattened). It is known that the oxidation of Cu' to Cu" in
[Cu'(dppS),]* is not only featured by the reduced 1s-4p, transition,
but also featured by the edge shift to higher energy, the emerging of
1s-3d pre-edge feature at 8.979 keV, as well as the reduced band at
8.996 keV. None of these additional features were observed in the
XANES spectrum of [Cu'(dppS),]*/TiO, hybrid, suggesting that the
formation of [Cu"(dppS),]*" in [Cu'(dppS),]*/TiO, hybrid can be
excluded. These results indicate that a less flattened geometry of
[Cu'(dppS),]* was observed in [Cu'(dppS),]*/TiO, hybrid.

\ [cu'(dpps)]TiO,

! o Experiment 2
—Fit

[Cu'dpps),J'TiO, @
o Experiment
—Fit

0 T R@)2 3 4 ay

Figure 6. The best fits of XAFS spectra in R- (a) and k-
space (b) for [Cu'(dppS),]*/TiO, in ground state.

The comparison of the XAFS spectra of [Cu'(dppS),]" in H,O
and on TiO, NPs in R-space after Fourier transformation is presented
in Figure 5h. Compared to [Cu'(dppS),]* in H,0, the Cu-N peak for
[Cu'(dppS),]*/TiO, hybrid showed enhanced intensity. The increased
peak amplitude, in general, can be attributed to an increase of the
coordination number or a narrower conformation distribution due to
restricted environments, i. e. smaller debye-waller factor. In this
case, due to the two bulky sulfonated phenyl groups in the 2,9
positions of phenanthroline which blocks solvent access, it is
unlikely that ligation can occur in the hybrid. Therefore, we
attributed the increased Cu-N peak amplitude to the more restricted
environment caused by binding to TiO, nanoparticles which further
restricted the dynamic movement of the ligands. This result can be
confirmed by comparing the debye-waller factor of Cu-N bond in
[Cu'(dppS),]*/TiO, hybrid sample with [Cu'(dppS),]*. The best fits
of XAFS spectra of [Cu'(dppS),]"/TiO, at R and k-space are shown
in Figure 6 and their fitting results are listed in Table Il. A notable
reduced debye-waller factor of Cu-N bond was observed in
[Cu'(dppS),]*/TiO, hybrid, which is consistent with the assignment
of more restricted environment of [Cu'(dppS),]* after attaching to
TiO, NPs. All of these results suggest that the complex adopted a
less flattened geometry after linking to TiO, NPs.

Table 11. XAFS Fitting Parameters® of [Cu'(dppS),]"/TiO,

Vector N R(A) o’ (A%
Cu-N (GS) 4 1.99 0.006
(0S) 4 1.94 0.009
Cu-C,(GS) 4 2.48 0.001
(0S) 4 2.44 0.007
Cu-Co(GS) 4 274 0.005
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(0S) 4 272 0.004
Cu-C; (GS) 4 331 0.001
(0S) 4 347 0.010
Cu-C, (GS) 4 3.55 0.002
(0S) 4 3.58 0.001

°0S: oxidized state.

We have previously demonstrated efficient electron injection
from the MLCT state of [Cu'(dppS),]* to TiO, nanoparticles using a
combined EPR, TA, and XTA spectroscopy characterization.?®
Electron injection to TiO, NPs was unambiguously determined by
probing the formation of the electron injection product, i.e. oxidized
state [Cu''(dppS),] "2 monitoring the XANES region of the spectrum
collected at 9 ns when the MLCT state population in the hybrid can
be neglected. In order to extract the intermediate structure of
[Cu'(dppS),]* in [Cu'(dppS),]*/TiO, hybrid associated with electron
transfer process in the hybrid, here we analyzed its XAFS spectrum
taken at 9 ns delay, which represents [Cu'"(dppS),] % as a result of the
oxidized [Cu'(dppS),]* after the electron injection. The XAFS
spectra for [Cu'(dppS),]* in [Cu'(dppS),]*/TiO, hybrid at R- an k-
space after Fourier transformation as well as their best fits are
presented in Figure 7. The structural parameters for the distance
from the copper center to neighboring shells from the XAFS analysis
are also listed in Table Il. Analogous to previous fitting approach,
the laser initiated spectrum was fit using a two bond model with one
distance fixed at the same parameters for ground state fitting. In this
case, the fraction for ground state of [Cu'(dppS),]" is 75% to account
for the contribution from the remaining ground state to the laser
initiated spectrum. From the fitting results, we observed that Cu-N
bond distance in oxidized state of [Cu'(dppS),]* in the hybrid is
decreased by 0.05 A compared to that in ground state. Similar to the
results observed in [Cu'(dppS),]" in H,O, Cu-C; and Cu-C, bond
distance also decreases with Cu-N distance, which is expected
because C; and C, are directly connected to the four Cu-ligating N
atoms in the phenanthroline rings. In comparison to the MLCT state
structure, the Cu-C; is much shorter in the oxidized intermediate
[Cu"(dppS),]*¥/TiO, than that in the MLCT state in solution, which
may reflect the electronic configuration difference in the two states.

& Expsriment

[Cu(dppS)ITIO,
—Fit

a b

4] [Cu{dpps),]'TiO,
Laser initiated-9ns

4 Laser initiated-3ns

o Experiment
Fit

FT (K"K
2K

3 3 4 6 7 8

2 5
R (A) KA

Figure 7. The best fits of XAFS spectra in R- (a) and k-

space (b) for [Cu'(dppS),]*/TiO, taken at 9 ns after laser
excitation (75% ground state and 25% oxidized state).

In the oxidized intermediate, an electron is taken away by TiO, NP
while the MLCT state merely shifts an electron to the ligand.
Therefore, the oxidized intermediate has less electron density at the
ligand, which may attribute to the overall shorter Cu-C, distances.
Unlike the Cu-C; and Cu-C, bond distance decrease in the MLCT
state of [Cu'(dppS),]* in H,0 from those of the ground state, Cu-Cj
distance is elongated significantly while Cu-C, bond distance
increases slightly in the hybrid. These results suggest that after
linking to TiO, NPs, [Cu'(dppS),]* has a more sterically restricted
environment, which pushes the phenyl rings at 2,9 positions
outbound accompanying the rotation of phenyl rings at 2,9 positions.
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Experimental
Sample preparation.

[Cu'(dppS),]'PFs was synthesized according to previously
published procedures.?® The concentration of [Cu'(dppS),] "PFs used
for the transient optical and X-ray absorption measurements was
about 1 mM and used without degassing. TiO, nanoparticles (NPs)
with average sizes 5-10 nm in diameter were purchased from
Skyspring Nanomaterials, Inc. and used without further purification.
[Cu'(dppS),]*PFg sensitized TiO, NP suspension was prepared using
the same approach as that in the recently published paper.?

Femtosecond absorption spectroscopy.

The pump-probe transient absorption setup used for this study
was based on an amplified Ti: sapphire laser system as described
elsewhere.® Pump pulses at 415 nm were generated from the
second harmonic of the 830 nm amplifier output of the regenerative
amplifier. The pump beam at the sample had a diameter of 300um.
The energy of the 415 nm pulse used for the measurement was
controlled by variable neutral density filter wheel. The white light
continuum probe were generated by focusing a few pJ of the
Ti:sapphire amplifier output onto a sapphire window. The widths of
the pump and probe pulses were about 150 fs, and the total
instrumental response for the pump-probe experiments was about
180 fs. The sample cuvette path length was 2 mm. During the data
collection, samples were constantly stirred to avoid
photodegradation.

X-ray Transient absorption (XTA) spectroscopy.

The XTA measurements were carried out at 11ID-D, the
Advanced Photon Source of Argonne National Laboratory as
described preciously. The laser pump pulse was the second harmonic
output of a Nd/YLF regenerative amplified laser with 1 kHz
repetition rate, giving 527 nm laser pulses with 5 ps fwhm. The X-
ray probe pulses were derived from electron bunches extracted from
the storage ring with 80 ps fwhm and 6.5 M Hz repetition rate. The
laser pump X-ray probe cycle was 1 kHz limited by the laser
repetition rate. The laser and X-ray pulses intersect at a flowing
sample stream of highly dispersed [Cu'(dppS),] (BF4) (1 mM)-
sensitized TiO, nanoparticles suspended in nanoporous H,O with
continuous purging of dry nitrogen gas and circulated using a
peristaltic pump. The suspension of dye-attached TiO, nanoparticles
forms a free jet of 550 pm in diameter. The delay between the laser
and X-ray was adjusted by a programmable delay line (PDL-100A-
20NS, Colby Instruments) that adjusted the phase shift of the mode-
lock driver for the seed laser relative to that of the RF signal of the
storage ring with a precision of 500 fs. The zero delay time by our
definition is the peak of laser pulse and the peak of X-ray pulse
coincident in timing space. Two photomultiplier tubes (PMTSs)
coupled to plastic scintillators were used at 90° angle on both sides
to the incident X-ray beam to collect the X-ray fluorescence signals.
A soller slit/Ni filter combination, which was custom-designed for
the specific sample chamber configuration and for the distance
between the sample and the detector, was inserted between the
sample fluid jet and the PMT detectors. The current mode of the
PMTs was used to acquire multiple photons from each X-ray pulse
as the flux of the X-ray photons exceeded significantly the single
photon counting limit. The outputs of the PMTs were sent to two fast
analyzer cards (Agilent) that were triggered by a signal at 1 kHz
from the scattered laser light collected by a photo diode. The card

This journal is © The Royal Society of Chemistry 2014
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digitized the X-ray fluorescence signals as a function of time at 1
ns/point after each trigger. The process was repeated and integrated
for 4 s at each energy point. The signal intensity was the integrated
area of the pulsed signal extracted by an in situ curve fitting
procedure (G. Jennings, unpublished results). The fluorescense
signals from the synchronized X-ray pulse at nominally 9 ns delay
after the laser pump pulse excitation were collected to construct the
spectrum for the oxidized state, and the fluorescence signals from
the same X-ray pulse averaged over its 50 round trips in the storage
ring prior to the laser pulse were averaged to construct the spectrum
for the ground state.

Conclusions

Our structural and dynamics studies on [Cu'(dppS),]*
complex in water and in a constraint [Cu'(dppS),]*/TiO, hybrid
studies revealed a flattened coordination geometry in both
environments for the complex, which ensured a slower ISC rate
that allows the interfacial electron injection to TiO, from a
IMLCT state. The structural difference around the copper
center at the interface with the TiO, nanoparticle from that in
water suggested a highly constraint environment which causes
distortion of the [Cu'(dppS).]" structure via binding. Also
observed are the structural difference in the *MLCT state
compared to the ground state with shortening of the Cu-N
distance due to the stronger electrostatic interactions between
the metal center and the ligand in solution. However, the
structural change between the oxidized intermediate
[Cu"(dppS),]"4/TiO, and its ground state is significantly less
due to the constraint the environment. The capability of
obtaining structural details in environmental dependent
photoinduced interfacial charge transfer system provides
opportunities to theoretically model these systems to gain
insight into the transient structural-functional correlation on the
time scale of the charge separation, and the structural guidance
in materials design.
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undergoing photoindueced interfacial electron transfer are determined.



